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Summary.
This thesis considers how semiconductor lasers are influenced by optical feedback. 
Optical feedback occurs when some of the light leaving the laser is reflected back into 
it by an external mirror.
Accidental reflections often occur from the elements of an optical communication 
system. These reflections cause optical feedback into the semiconductor laser, 
resulting in performance degradation. The turn-on delay jitter, an important parameter 
in determining the system performance, is studied in the presence of optical feedback 
using a rate equation model.
An iterative travelling wave model is developed to investigate the behaviour of 
semiconductor laser subject to strong optical feedback. The dynamics and intensity 
noise behaviour of external cavity laser diodes are investigated. External cavity 
frequency modulated laser diodes are also considered, in which a phase modulator is 
placed in the external cavity.
Vertical Cavity Surface Emitting Lasers (VCSEL’s) have a radically different structure 
from conventional edge emitting lasers. Most importantly, VCSEL’s have a very high 
facet reflectivity. Numerical investigations consider whether the high facet reflectivity 
improves the feedback immunity of the VCSEL compared to edge emitting lasers.
A special type of feedback occurs from phase conjugate mirrors, in which a wave 
mixing process is used to generate the reflection. The behaviour of laser diodes 
subject to phase conjugate feedback is investigated and compared to the behaviour 
under conventional optical feedback. The effects of sluggish phase conjugate feedback 
in which the mirror reflectivity is time dependent is also considered.
Future communications systems may use chaotic data encryption. Optical feedback 
can be used to create chaotic output of the laser. The rate equation model is used to 
target specific output waveforms of the laser to demonstrate this possibility.
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Chapter 1:
Semiconductor Lasers, Modulation and 
Optical Feedback.
1.1 Introduction.
This thesis investigates the behaviour of semiconductor lasers (laser diodes) when 
they are subject to external optical feedback. Optical feedback occurs when some of 
the light output of the laser is returned back into the laser, and may cause dramatic 
effects on the behaviour of the laser. Unwanted optical feedback can occur in optical 
communications systems due to reflections from fibre ends [1-5]. Optical isolators are 
usually required to minimise the amount of light that is returned into the laser. An 
external mirror can also be deliberately placed in the path of the laser light to feedback 
a portion of the light into the laser. A laser in this configuration is called an external 
cavity laser diode. This thesis investigates semiconductor lasers in both optical 
feedback and external cavity laser configurations.
Chapter 1 describes semiconductor lasers and how they are modelled using rate 
equations. The chapter also discusses the modulation and noise properties of the laser 
with and without optical feedback. Chapter 2 extends the rate equations for a 
semiconductor laser to include weak optical feedback, and investigates how unwanted 
optical feedback in communications systems affects the system performance, with 
particular emphasis on the tum-on delay jitter. In chapter 3 an iterative model is 
developed to describe the behaviour of an external cavity semiconductor laser with 
strong optical feedback. In chapter 4 the behaviour of external cavity lasers is 
investigated using the strong optical feedback model developed in chapter 3. 
Particular emphasis is paid to the dynamics and intensity noise of the device. Chapter 
5 uses the optical feedback models developed in earlier chapters to discuss the effect 
of optical feedback on the behaviour of Vertical Cavity Semiconductor Lasers 
(VCSEL's). In chapter 6 a special type of optical feedback known as phase conjugate 
feedback is examined and compared to conventional feedback. Lastly, chapter 7
1
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extends the optical feedback rate equations to include a time dependent external 
reflectivity. The model is used to investigate sluggish phase conjugate feedback. 
Chapter 7 also considers the possibility of using optical feedback to target particular 
operation states for chaotic communication systems. Chapter 8 summarises the 
conclusions of the thesis.
1.2 Semiconductor Lasers.
A laser consists of a gain medium placed between two mirrors. The device will 
operate as a laser if the net round trip gain including material and mirror losses is unity
[6]. A laser diode is a simple device consisting of a p-n junction made from direct 
bandgap semiconductor material. The n-doped side has an excess of electrons and the 
p-doped side has an excess of holes. A potential barrier exists between the two sides 
of the junction preventing recombination. When a forward bias is applied the barrier is 
lowered allowing the electrons and holes to be injected into the active region of the p- 
n junction. A population inversion necessary for lasing action is formed in the active 
region [6]. The electrons and holes recombine, emitting photons which experience 
gain by stimulated emission producing more photons. The mirrors at each end of the 
device reflect some of the photons back into the laser for further stimulated emission 
to occur. Double heterostructure lasers are most commonly used [7], in which the 
laser is fabricated from a combination of semiconductor materials which have different 
band gap energies for current confinement and different refractive indices for optical 
confinement within the active region. This optimises the interaction between the gain 
medium and the laser light, thus increasing the efficiency and keeping the operating 
current low. Guiding of the light in the lateral direction of the device is achieved by 
placing the laser in a waveguide structure (index guiding) and/or injecting the current 
into the laser along a metal strip on top of the device (gain guiding).
There are many different types of semiconductor laser in common use. Three in 
particular which this thesis is concerned with, are Fabry-Perot lasers [6], the 
Distributed Feedback (DFB) laser [6], and the Vertical Cavity Surface Emitting Laser 
(VCSEL) [8], shown in figs. 1.1 to 1.3 respectively. The Fabry-Perot laser has 
cleaved facets to provide the reflections at either end of the device. A DFB laser has a 
grating placed adjacent to the active region which provides distributed feedback all 
along the device. The grating ensures single frequency emission. The VCSEL is 
oriented on a vertical axis, with multiple layers of different refractive indices being 
grown above and below the active region to provide the reflections at the ends of the
2
















Region Highly Reflecting 
Mirror Stacks
Fig. 1.3: A Vertical Cavity Surface Emitting Laser (VCSEL).
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1.3 Optical Communication Systems.
Semiconductor lasers are used extensively in optical communication systems because 
of their small size and high efficiency [9]. Optical communications system have a 
much greater information handling capacity than electrical or microwave systems. A 
simple optical fibre communication system consists of modulated laser diode, a length 
of optical fibre, and an optical receiver, as shown in fig. 1.4. Repeaters may be needed 
for long distance communications. The light is modulated to send the desired 
information. The modulation is usually achieved by changing the gain of the laser by 




Fig. 1.4: A Simple Optical Communication System.
1.4 Rate Equation Model of a Semiconductor Laser.
The dynamical behaviour of semiconductor lasers is conventionally described using 
single mode rate equations [6,10]. The equations describe the time behaviour of the 
laser carrier density n(t), the photon density s(t), and the phase of the light <J)(t). The 
derivation of the rate equations is detailed in appendix 1. The rate equations are:
>(/) = (0 - 0),, = ^ G ,{n (r )-n„}r+F .((). (1.3)
dt 2
The carrier rate equation (1.1) considers the flow of carriers into the laser active
4
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region and the loss of carriers as they are used to create photons. The first term in 
(1.1) is the rate of carriers injected into the active region volume V by the current I(t) 
into the device. The second term in (1.1) is the loss of carriers due to electron-hole 
recombination. This process is known as spontaneous emission. The decay of carriers 
has a characteristic time called the carrier lifetime xsp. The third term in (1.1) is the 
rate of loss of carriers as they recombine due to the stimulated amplification process. 
The gain of the laser is linearised as,
G = G„{n(t)-n0} (1.4)
around the transparency carrier density r^ . The transparency carrier density is the 
carrier density at which the stimulated gain term in (1.2) becomes positive. An extra 
term including the effects of gain compression at high photon density is included [10],
, * ■ (1-5)l + £s(f)
where e is the gain compression factor. Several mechanisms for the origin of the non­
linear gain have been proposed, including spectral hole burning and carrier heating.
The photon rate equation (1.2) considers the generation and loss of photons. The first 
term in (1.2) is the average spontaneous emission rate. The spontaneous emission 
factor 7 is the proportion of spontaneous emission photons (generated by the carrier 
decay) that fall into the lasing mode. The second term in (1.2) is the photon losses, 
which include the laser output through the facets and the laser internal losses. The 
photon losses are characterised by a photon lifetime xph given by [6,10],
Xpt=  ^ (L6) 
a .  —
where Jig is the group refractive index, c is the speed of light, cq is the material 
absorption per unit length, R2 is the facet reflectivity, and £ is the cavity length. The 
third term in (1.2) is the stimulated emission of photons and also appears in the carrier 
rate equation. The term T is the confinement factor and represents the fraction of the 
optical field contained within the active region.
The laser phase rate equation (1.3) relates the instantaneous laser emission frequency 
co(t) with the carrier density n(t). The term a  is the linewidth enhancement factor [6]
5
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and relates the rate of change of the real part p.' of the refractive index with carrier
density, to the rate of change of the imaginary part ji" of the refractive index with 
carrier density,
The device starts to operate as a laser when the carrier density reaches the threshold 
carrier density n^, at which point the stimulated gain has overcome the photon losses 
through the facets and the material absorption. The last terms in (1.1)-(1.3) are the 
Langevin noise terms Fn(t), Fs(t), F<j>(t) which model the random noise events caused 
by spontaneous emission of photons.
1.5 Steady State Solutions.
Under steady state operating conditions equations (1.1) and (1.2) give dn(t)/dt=0 and 
ds(t)/dt=0. This can be used to calculate steady state values of the carrier and photon 
densities. For clarity, the gain compression is neglected in the following discussion. At 
threshold the photon density is zero, giving the threshold current 1^  from (1.1) as
The threshold carrier density can be calculated by neglecting the spontaneous 





At a particular current above threshold the carrier density is clamped at its stationary 
value n^, resulting in a steady state photon density Sc from (1.1) of
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1.6 Spontaneous Emission Noise.
In addition to the deterministic output of the laser discussed in the previous section, 
random noise processes also need to be modelled to properly describe the behaviour 
of the laser. Spontaneous emission causes both intensity noise and frequency noise in 
the laser output. Spontaneous emission is modelled in the laser rate equations by the 
Langevin noise terms Fn(t), Fs(t) and F<j>(t) [10-12], and are described fully in 
appendix 2. The Langevin noise in the photon and electric field phase rate equations is 
due to the random nature of the spontaneous emission process. The Langevin noise in 
the carrier rate equation is due to the shot noise nature of the injection current and 
also the spontaneous and stimulated recombination.
1.7 Optical Feedback.
Semiconductor lasers are particularly sensitive to optical feedback [10], which usually 
results in a detrimental performance. The important parameters when considering the 
effects of optical feedback are the external reflectivity Rext, the external cavity round 




Fig. 1.5: A Semiconductor Laser with Optical Feedback Showing the Important Parameters used to 
Describe Optical Feedback, Where ( 0 * ^  is the External Cavity Round Trip Phase Change, Text is 
the External Cavity Round Trip Delay, and ReXt is the External Reflectivity.
The effects of optical feedback at different strengths can be summarised using the 
diagram in fig. 1.6 [13,14]. The behaviour of the laser with optical feedback is 
described with five operating regimes known as I-V. In regime I the linewidth of the 
laser is increased or decreased depending on the phase of the external reflection. Only 
a single external cavity mode exists in this regime. In regime II it is possible to adjust 
the phase of the reflection to achieve considerable linewidth narrowing. However, for 
most values of the reflection phase many external cavity modes exist. Mode hopping 
between these external cavity modes occurs, thus increasing the linewidth above that 
of the solitary laser. The boundary between regimes I and II is dependent on the 
distance to the reflection. For longer external cavities the border between regimes I
7
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and II occurs at lower levels of feedback than for shorter external cavities. Regime III 
only occurs for a narrow range of external reflectivity. The laser stabilises onto the 
external cavity mode with the strongest linewidth reduction. The linewidth reduction 
is independent of the phase of the external reflection. For higher levels of external 
reflectivity the laser enters operating regime IV known as coherence collapse [15-21]. 
The coherence of the laser is drastically reduced, resulting in an extremely large 
linewidth. There is also a tremendous amount of intensity noise in the laser output. If 
the external reflectivity is increased further to give very strong optical feedback the 
laser again operates in a stable manner. This is known as regime V. Lasers in this 
regime are known as external cavity diode lasers and are introduced in section 1.8. 
The intensity noise of the laser output for increasing levels of optical feedback is 
shown in fig. 1.7, and was calculated using a rate equation model for a semiconductor 
laser with optical feedback (see chapter 2). The sudden increase in intensity noise is 
characteristic of regime IV or coherence collapse operation. In the coherence collapse 
regime the intensity noise spectrum contains peaks spaced at multiples of the inverse 
of the external cavity round trip delay l/xext, as shown in fig. 1.8. The effect of 
unwanted optical feedback from communication systems into a diode laser is 
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Fig. 1.6: The Operating Regimes (I-V) Used to Describe the Behaviour of a Semiconductor Laser 
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EXTERNAL REFLECTIVITY R^
Fig. 1.7: Relative Intensity Noise (RIN) for Increasing Optical Feedback 
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FREQUENCY f (GHz)
Fig. 1.8: Intensity Noise Spectrum of Output Power Fluctuations 
for a Laser with Optical Feedback (1=21^, R^^O.Ol, TejU=2 ns).
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1.8 External Cavity Lasers.
In an external cavity laser [22] a mirror is placed in the path of the light leaving the 
laser, reflecting it back into the active region, as shown in fig. 1.9. The laser facet is 
often coated to lower its reflectivity. In this case, the laser cavity is defined by the 
external mirror and the remaining laser facet, and the laser operates in regime V. The 
benefit of using such a configuration is that the linewidth is dramatically reduced by 
factors of 100 or more [23,24]. The behaviour of such lasers is investigated in chapter 
4 using the model for external cavity lasers developed in chapter 3.
Fig. 1.9: An External Cavity Laser Diode With the Lasing Cavity Defined Between One Laser Facet
and the External Mirror.
1.9 Phase Conjugate Feedback.
A special type of optical feedback is generated by a phase conjugate mirror [25]. A 
phase conjugate mirror can be implemented using a multi-wave mixing process. The 
principal property of phase conjugate mirrors is that the light has its phase reversed, 
as described in more detail in chapter 6. The reflected light can be considered to be a 
time-reversal of the incident beam. The reversal of the phase results in the phase 
change due to the return path length cancelling any phase change due to the outward 
journey [26]. This zero external cavity round trip phase change is the major difference 
between phase conjugate and conventional optical feedback. The behaviour of lasers 
subject to phase conjugate feedback is discussed in chapters 6 and 7.
1.10 Conclusion.
Semiconductor lasers (laser diodes), their structure, and their characteristics have 
been briefly introduced. The rate equations usually used to describe the dynamical 
behaviour of laser diodes have been introduced. The common problem of optical 
feedback into laser diodes has been discussed. In particular feedback induced 
coherence collapse has been introduced. Feedback induced noise and coherence 
collapse will play an important part in the rest of this thesis. Strong optical feedback in
Laser External Cavity Mirror
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which lasers operate as external cavity has also been described. The special case of
phase conjugate feedback has also been introduced.
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Chapter 2:
The Effect of Optical Feedback on the 
Turn-on Statistics of Laser Diodes.
2.1 Introduction to Turn-on Delay Jitter in Laser Diodes.
Considerable effort has been given to studying the effects of noise on the turn-on 
delay jitter which plays a significant role in determining the system performance of 
semiconductor lasers. Both experimental [1-8] and numerical simulations [7-22] have 
been used to investigate the tum-on delay jitter. The tum-on delay is the short delay 
between the application of an increase in injection current into the laser and the 
leading edge of the resultant optical pulse. The tum-on delay jitter is a measure of the 
variations in the tum-on delay and is defined as the standard deviation of the tum-on 
delay probability distribution function (pdf). The tum-on delay jitter is usually caused 
by spontaneous emission induced intensity noise in the laser optical output [1-22]. 
The carrier and photon fluctuations ensure that the rise in optical power at the onset 
of a pulse begins from a random starting value, as illustrated in fig. 2.1. Thus the time 
taken for the light pulse to be emitted is also random, resulting in a different tum-on 





Fig. 2.1: How Tum-on Delay Jitter Arises from Intensity Noise. Different Tum-on Delays (TA, TB)
Occur for Different Initial Output Powers.
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The tum-on delay jitter is significantly larger in distributed feedback (DFB) lasers than 
in Fabry-Perot lasers [6-9]. It has been demonstrated that this is due to the rapidity of 
tum-on [9], as the rate of increase of the photon number during tum-on is lower in 
DFB than in Fabry-Perot lasers. Hence a noise-induced change in the starting point 
for the photon number rise causes a larger change in the tum-on delay in a DFB laser, 
resulting in a larger value of jitter.
The tum-on delay jitter degrades the laser performance by reducing the temporal 
resolution of the optical pulses. Analytical expressions for tum-on delay jitter have 
been found for various operating conditions [4,5,7,8,10,14-17] and lead to 
calculations of both the jitter induced system bit-error rate and power penalty [5]. The 
tum-on delay jitter is greater when the laser is biased below threshold [1,2,5,7,11- 
14,17,22] due to the lower number of photons present The tum-on delay jitter 
decreases for increasing bias current above threshold [5,7,12,13,17,22] but at the 
expense of reduced on/off ratio. Recent work has focused on the shape of the tum-on 
delay pdf and the dependence of the jitter on modulation frequency. For periodic 
modulation the tum-on delay pdf has been found to be approximately gaussian in 
shape for bias currents both above and below threshold [5,14].
During pseudorandom modulation, if the modulation frequency is sufficiently high the 
carrier density is prevented from relaxing to its steady state value during a single logic 
zero bit. Hence different tum-on delays occur, depending on the number of preceding 
zero bits, and double peaks known as pattern effects are seen in the tum-on delay pdf 
with no external optical feedback present [11,14,19-21]. The different tum-on delay 
times T101 and T10qi for 101 and 1001 bit combinations are illustrated in fig. 2.2. At 
lower frequencies the carrier density reaches its steady state value during a single 
logic zero bit, thus preventing pattern effects and giving a gaussian tum-on delay pdf 
[5,14,19,20]. Such pattern effects also depend upon the device parameters and 
particularly the carrier lifetime. For shorter carrier lifetimes pattern effects will occur 
only at higher modulation frequencies. In addition the pattern effect is dependent upon 
the modulation format with pattern effects in the RZ (Return to Zero) format 
occurring at lower frequencies compared to the NRZ (Non-Return to Zero) format 
This is because for the RZ format the current returns to its lower value for part of the 
bit period so that the carrier density has insufficient time to relax to the steady state 
value. Thus, for pseudorandom modulation pattern effects become important and can 
cause the tum-on delay pdf to become double peaked when the laser is operated 
above threshold, resulting in a very large jitter. A modulated laser that exhibits pattern 
effects is said to have memory because each tum-on delay is dependent on the
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previous bits. There exists a value of bias current just below threshold at which 
pattern effects are negligible and the tum-on delay pdf has an approximately gaussian 
shape for both pseudorandom and periodic modulation. Memory diagrams have been 






Fig. 2.2: Pattern Effect Caused by Different Tum-on Delay Times (T101 and Tjooi) 
for 101 and 1001 Bit Combinations.
2.2 Performance Degradation due to Optical Feedback.
The system performance of semiconductor lasers subject to direct intensity 
modulation can be significantly degraded due to external optical feedback. Much 
attention has been given to the dramatic changes in noise properties of the laser which 
can occur for feedback levels typical of optical communications systems [22-33]. Five 
regimes have been identified in which the semiconductor laser can operate when 
subjected to external optical feedback, depending on the strength of the feedback and 
the distance to the reflection [24,25]. The five optical feedback regimes are described 
in detail in chapter 1. At low feedback levels linewidth narrowing can occur but at 
larger feedback levels the coherence collapse regime may occur. The dynamics of the 
laser in the coherence collapse regime are chaotic, with the route to chaos being 
quasi-periodicity or period doubling [26-30]. In the coherence collapse regime there 
are very large amounts of intensity noise in the laser output power, and a dramatic 
broadening of the laser linewidth [24,25]. The intensity noise can significantly reduce 
the performance of optical communications systems due to the generation of false 
information bits, resulting in large power penalties. External optical feedback has been 
investigated both by numerical simulations [22,25,31] and experimentally 
[23,24,32,33]. It has been found that very low external reflectivities such as may
15
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occur from the connector on the fibre pigtail of a laser diode module can cause the 
laser to enter the very noisy coherence collapse regime. Reflections also occur from 
other components in optical communication systems as shown in fig. 2.3. Isolators are 
nearly always required to minimise the effect of optical feedback on the laser.
LASER DIODE MODULE
1— I ^ > C )  ^ > u z > / /  \
LASER LENS ISOLATOR FIBRE FACE FIBRE SPLICE BACKSCATTER
Lext—1-2 m m Lext= 10-20 m m Lcxt= distributed
Rext = 10"3
M©IIIS R extSlO -4
Lext=5 - 10 m m  Laa= from  cm  Dp to  km
Rext =  10‘3 Rea =  Up to  10-2
~ -30 dB
Fig. 2.3: Possible Reflections (With Distances and Strengths) in a 
Typical Optical Communication System.
2.3 Optical Feedback and Turn-on Delay Jitter.
In this chapter external optical feedback and tum-on delay jitter are considered in 
conjunction for directly modulated semiconductor lasers. Recent work has shown that 
moderate optical feedback enhances the tum-on delay jitter in semiconductor laser 
diodes [34-36]. Optical feedback from a reflection close to the laser may cause an 
increase or decrease in the jitter depending on whether the reflection is in or out of 
phase with the laser facet reflection [37]. By frequency selective feedback from a 
grating it is also possible to reduce the jitter by a process known as self-seeding [38]. 
It is the spontaneous emission induced intensity noise in the laser output that causes 
the tum-on delay fluctuations. Therefore it is expected that external optical feedback 
will also influence the tum-on delay and jitter as it also introduces intensity noise into 
the laser output. These two effects are investigated by numerical simulation of the 
single-mode rate equations for a typical distributed feedback (DFB) laser. The model 
takes into account both external optical feedback and Langevin noise terms for 
spontaneous emission noise. It is shown that external optical feedback gives rise to 
markedly different changes in the tum-on delay jitter for pseudorandom and periodic 
modulation formats.
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2.4 Laser Model for Weak Optical Feedback.
The laser model used in this investigation is appropriate to a distributed feedback 
(DFB) laser typically used in optical communications systems [31]. The system 
configuration is shown in fig. 2.4. The rate equations are single-mode and include 
optical feedback terms. The field rate equation for a solitary laser (see appendix 1) is 
extended with the addition of optical feedback terms [23,25,31],





and must be manipulated into rate equations for photon density and phase in order for 
ease of numerical solution. In (2.1) E(t) is the field, co is the angular emission 
frequency, co^ is the angular emission frequency at threshold, xph is the photon 
lifetime, Gn is the gain slope, n(t) is the carrier density, xL is the laser cavity round trip 
time, kgXt is the feedback strength, E(t-Xext) is the reflected optical field, xext is the 
external cavity round trip delay, and co^x^ is the external cavity round trip phase 
change. The gain is linearised around the transparency carrier density r^. The 
feedback strength is a measure of the proportion of light reflected back into the laser 
and is calculated from
e^xt —_ (l (2.2)
where R2 is the laser facet reflectivity, Rext is the external reflectivity and T] is the laser 
to fibre coupling efficiency. The method for finding the photon density and field rate 
equations follows the same steps as in appendix 1 for the solitary laser rate equations.
Ri
Laser Fibre








A  Rext 
/
Tl • Xext
Fig. 2.4: Schematic Diagram of the Laser with Optical Feedback 
from the Far End of a Fibre Pigtail.
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s(t) = E{t)E' ( t ) , (2.4)
where E*(t) is the phase conjugate of the field. The photon rate equation is calculated 
using
(2.5)
Inserting (2.1) into (2.5) gives
E(t)£'(r) j  G. (n(t) -  rt0) — —|  
at t„J
+  — {£(»)£*  +  E’( t ) E ( t }
Tr
Using (2.3) and (2.4) in (2.6) gives
(2.6)




+e -A<l>(rH>('-*ext )+<O t f fX o a )
(2.7)
which can be further simplified using the identity
ex +e x = 2 cos(jc), (2.8)
resulting in the rate equation for the photon density in the presence of optical 
feedback.
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O / ___
+ ——•/sW -/s(r~ 0  cos(<|>(/)-<!>((-x „ ,) + co,4tJ
(2.9)
The phase rate equation is calculated using the following relationship
dt ■ iH (2.10)
where Im represents taking the imaginary part of the expression in parenthesis. 
Inserting (2.1) into (2.10) gives
d§{t) 1 T-Im<( 
dt s{t)
j{d  - C0rt ) + i  | g „  (n(t) - n„) - -J - j
+  E'(t)E(t -
 ^r
• (2.11)
Using (2.3) results in
d$(t) _
dt
= Im< 2 I J (2.12)
Substituting
e*x =cos(jc) + ysin(x) (2.13)
for the exponential term in (2.12) and taking the imaginary part of the result gives
^  = (m -  c dJ — )-sin(0(f —tgM) (2.14) 
dt xL yjsit)
Because
sin(jc) = -sin (-jt), (2.15)
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the rate equation for the electric field phase in the presence of optical feedback (2.14) 
can be rewritten as
(2 1 6 )dt xL J s(t)
From appendix 1 it is seen that in the absence of optical feedback
“ -® i/i=T «G n(/i(0-nrt), (2.17)
Substituting (2.17) for co-oo^  in (2.16) results in the final rate equation for the phase 
of the electric field in the presence of optical feedback
at 2
m — t • (2-18)
_  k ext S f J  T°a..sin(|])(t) _ ,^(f _ )  + tO^Xa, )
\M ')
To complete the model a confinement factor T, gain saturation e and spontaneous 
emission factor y are included, giving the final rate equations for a semiconductor 
laser with weak optical feedback. The confinement factor is the proportion of the 
optical field confined within the active region and reduces the gain term in the photon 
rate equation. The gain saturation takes into account non-linear gain by reducing the 
gain at high photon densities. The spontaneous emission factor corresponds to the 
rate of spontaneous recombination into the considered laser mode. To complete the 
formalism a carrier rate equation is added but is unchanged from that of the solitary 
laser described in appendix 1. The rate equations are single-mode and are written 
below with added Langevin noise terms Fn(t), Fs(t), F<j>(t) to model spontaneous 
emission noise:
} j _ L _ l +FW>
dt eV  xsp l+es(r)
(2.19)
ds(t) T«(f)r j(f) ( A r  r f A ]r  j  1
' ph
+ — cos(e(/ ))+ Fs(t)
(2 .2 0 )
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= {aG„ {n(t) - n,,}r  - ^  sin(6(f)) + F,(r), (2.21)
dt 2 xL Js(t)
where
0(?) = ()>(/) —(j)(r—xeXf)+co^Texr. (2.22)
The values of the laser diode parameters used in (2.19)-(2.22) are given in table 2.1, 
and those for the optical feedback terms are given in table 2.2. An external cavity 
round trip delay of 1.7 ns is used which corresponds to reflections from a fibre pigtail 
of 17 cm length (since the fibre refractive index is approximately 1.5, 1 ns of external 
cavity round trip delay is equivalent to 10 cm of fibre) and the phase change in the 
external cavity is assumed to be zero. The choice of 1^=1.7 ns introduces external 
cavity modes of spacing l/xext=0.6 GHz into the intensity spectrum. Resonance 
effects between the external cavity modes and the modulation frequency are avoided 
because the modulation frequencies of interest in this work are 2-4 GHz. The model 
represents the worst case situation because the assumption in the rate equations is that 
the reflected light has the same polarisation as the emitted light
Symbol Description Value
V Active Region Volume 1.5xl0‘16m3
T sp Carrier Lifetime 2 ns
Gn Gain Slope Z ^ x lO -^ m V 1
nth Threshold Carrier Density 9.9x1023 m*3
e Saturation Parameter 3xl0-23 m3
7 Spontaneous Emission Factor io-5
r Confinement Factor 0.4
Xph Photon Lifetime 2 ps
a Linewidth Broadening Factor 5.5
Ho Transparency Carrier Density 4xl023 nr3
Operating Wavelength =1.55 |xm
r 2 Laser Facet Reflectivity 0.309
Laser to Fibre Coupling Efficiency 0.4
Laser Cavity Round Trip Delay 9 ps
Tlq Quantum Efficiency 0.4
Table 2.1: Laser Parameters (Taken from Reference [31]).
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External Cavity Round Trip Delay 
External Cavity Round Trip Phase change
0 - 0.01 
1.7 ns 
0 rads
Table 2.2: Optical Feedback Parameters.
The Langevin noise terms used in the rate equations (2.19)-(2.22), are described in 
appendix 2. They are written below for completeness:
2s(ti)y»0)r . 12n(f,)
,2 2 3 >
M jh n W T  , ; , 4 |
A S’I'SpAt
r, 1 ls(ti)yn(t)r
2 i spAt ( )
where s(tj) is the photon density at the start of the time interval At, n(q) is the carrier 
density at the start of the interval At, V is the active region volume, and x„, x# are 
gaussian distributed random variables with zero mean and unity variance. The 
Langevin noise in the photon and electric field phase rate equations is due to the 
random nature of the spontaneous emission process. The Langevin noise in the carrier 
rate equation is due to the shot noise nature of the injection current, and spontaneous 
and stimulated recombination.
2.5 Numerical Solution of Model.
The rate equations with external optical feedback and Langevin noise terms are solved 
numerically using a variable-step, variable-order Runge-Kutta algorithm. To evaluate 
the reflection terms in the rate equations, values of photon density and electric field 
phase calculated at an earlier solution step are required. Thus at each solution step the 
values of photon density and electric field phase are recorded for use at a later 
solution step. The number of solution steps between the recording and the use of 
these values is equivalent to the external cavity round trip delay. Langevin noise is 
modelled by applying random noise forces as calculated in (2.23)-(2.25). The gaussian
22
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distributed random variables, xn, x<. and x$, are calculated at the start of, and are held 
constant throughout, each Langevin noise application interval, At. The interval, At, is 
chosen to be 20 ps. This results in a power spectral density for the noise which has its 
first zero at a frequency 1/At = 50 GHz. The noise forces should describe a white 
noise spectrum at least up to the relaxation oscillation frequency [39]. The influence 
of At on the power spectral density of the noise is discussed in appendix A of [39]. 
The 3 dB cut-off frequency is found to be approximately 22 GHz, which is several 
times the maximum relaxation oscillation frequency encountered in the following 
investigations. Hence the condition that the noise spectrum is white up to a frequency 
greater than the relaxation oscillation frequency is satisfied. A more detailed 
description of the numerical solution of the rate equations for weak optical feedback 
is given in appendix 3.
Pseudorandom modulation and periodic modulation injection current formats in the 
GHz modulation frequency range are modelled, as well as independent pulses. An 
equivalent circuit of a semiconductor laser is shown in fig. 2.5 [22], with Rg being the 
series resistance within the laser chip, Cp being the parasitic chip capacitance, and Lp 
is the inductance of the bond wires to the laser chip. The values of the equivalent 
circuit parameters are dependent on the laser structure, particularly Cp. Typical values 
of these parameters are Rg=8 Q, Cp=0.5 pF and Lp=0.2 nH. The semiconductor laser 
and drive circuit parasitics are modelled by exponential current rises and falls, with a 
rise time of 0.15 ns [31]. The threshold current is 12.0 mA. An injection current of
3.5 Ith is used for the logic one state, corresponding to an output power of 2.0 mW.
The output power per facet PD(t) passed into a fibre pigtail is calculated from the 
photon density using the following equation [22,31],




Fig. 2.5: Equivalent Circuit of a Laser Diode.
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where h is Planck's constant and riq is the quantum efficiency of the laser. The optical 
tum-on delay for each transition from the logic zero state up to the logic one state is 
recorded. The tum-on delay is defined as the time taken between the increase in 
injection current and the output power passing 50% of the logic one state output 
power when there is no optical feedback, though at the low feedback levels 
considered the output power is virtually unchanged.. This power level is termed the 
logic decision power P ^ . The number of data bits used to calculate the tum-on delay 
probability distribution functions (pdfs) is 1000 for the periodic and pseudorandom 
modulation formats, and 100 for the gain-switching modulation format. Using these 
limited numbers of samples of the tum-on delay, the randomness of the noise 
processes investigated will introduce errors into the calculated values of the average 
tum-on delay and jitter. Repeated simulations for identical bias, modulation and 
reflection conditions suggest that errors of up to ±0.5% in the average tum-on delay 
and ±2.5% in the jitter can be expected. These errors are much smaller than the 
changes seen in these parameters as optical feedback increases. The tum-on delay 
jitter aT is defined as the standard deviation of the tum-on delay pdf, and is calculated 
as below,
Where Ton is the average tum-on delay, Ton(m) are the tum-on delays calculated from 
the numerical simulation, and n is the number of tum-on events used in the 
calculation.
2.6 Tum-on Jitter With External Feedback for Independent 
Pulses.
In the independent pulses modulation format single current pulses are used to 
modulate the laser, with sufficient time between them so that both carrier and photon 
densities have time to relax to their steady state values before the onset of the next 
pulse. This ensures that each optical pulse is independent of the previous pulse. Figs.
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optical feedback respectively. It is seen that optical feedback of moderate strength is 
dominant over the spontaneous emission noise. However, at low optical feedback 
levels the spontaneous emission noise dominates. Figs. 2.8 and 2.9 show a series of 
values of tum-on delay. The spread is larger with optical feedback indicating a larger 
jitter value. It is seen that the tum-on delay values are random and do not follow any 
patterns or frequencies present in the model. Figs. 2.10 and 2.11 show how the 
average tum-on delay and jitter aT change with increasing external optical 
feedback, for a bias current of 26% and 10% above threshold respectively. The 
average tum-on delay increases by a few percent when optical feedback is present for 
all bias currents above threshold. The shape of the graph of average tum-on delay 
shows a rise as external reflectivity increases. The turn on delay increase is largely 
independent of the bias current. It is possible to decrease the average tum-on delay to 
a value below that of no optical feedback at some combinations of external 
reflectivities and operating conditions. This is achieved at an external reflectivity of 
below 10-4 for the 26% threshold bias current of fig. 2.10. The tum-on delay jitter 
increases dramatically as the level of optical feedback increases [35]. The jitter 
without optical feedback is smaller at lower bias currents. The value of the jitter with 
no optical feedback is 3.1 ps at a bias current 10% above threshold. This value is 
close to an experimental value of approximately 4 ps obtained for a current pulse of 
3.51^ and similar modulation conditions [7]. The dramatic increase in jitter occurs at a 
higher external reflectivity when the laser is biased closer to threshold. Close to 
threshold there is already a large jitter due to spontaneous emission noise. Therefore 
small amounts of optical feedback do not increase the jitter significantly. The values of 
jitter obtained in the simulation at large levels of optical feedback are similar to the 
value of 20.7 ps obtained in simulations for an external reflectivity of 1^=0.005 [34]. 
Both the tum-on delay changes and jitter increase are seen in the changing shape of 
the tum-on delay probability distribution function (pdf) as optical feedback increases, 
shown in fig. 2.12, for a bias current 10% above threshold. The tum-on delay pdf is 
approximately gaussian for all bias currents with no external optical feedback and 
remains so when external optical feedback is added. The tum-on delay pdf becomes 
considerably broadened when the external reflectivity exceeds 10"*.
The mean intensity evolution Pav(t) and the intensity standard deviation aP(t) are 
shown in fig. 2.13 for bias currents 10% and 26% above threshold. The graph shows 
the evolutions with and without optical feedback. As expected the mean intensity 
evolution is slower at lower bias current. Optical feedback is seen to increase the 
intensity standard deviation, seen as jitter, and also slows down the mean intensity 
evolutions.
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Fig. 2.7: Sample of Output Power Pc(t) During an Individual Pulse for Independent Pulses With
Optical Feedback (Re^O.005,1=1.261*).
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Fig. 2.8: Turn-on Delay Times for Each Modulation Bit for Independent Pulses Without Optical
Feedback (1=1.261*).
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Fig. 2.9: Tum-on Delay Times for Each Modulation Bit for Independent Pulses With Optical
Feedback 0W=0.005,I=1.26I*).
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Fig. 2.10: Average Tum-on Delay Toa and Jitter Ox for Increasing External Reflectivity Rext for the 
Independent Pulses Modulation Format (1=1.261*).
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Fig. 2.11: Average Tum-on Delay T^ and Jitter Ot for Increasing External Reflectivity Rext for the 
Independent Pulses Modulation Format (1=1.11*).
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Fig. 2.12: Turn-on Delay Distribution for the Independent Pulses Modulation Format for Increasing
External Reflectivity ReXt (1=1.11*).
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Fig. 2.13: Mean Intensity Evolutions Pav(t) and the Standard Deviation Gp(t) o f the Intensity Under 
the Independent Pulses Modulation without Optical Feedback and with Optical Feedback from an 
External Reflectivity of ReXt=0.01 at Bias Currents o f 10% and 26% Above Threshold.
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To explain these results it is recalled that optical feedback produces large amounts of 
intensity noise in the optical output power. The intensity noise is induced by the 
behaviour of the laser when external optical feedback is introduced. This causes the 
output power pdf to be wider. Hence the spread of possible starting points for the 
carrier and photon density rises during the tum-on process is wider also, resulting in a 
broader tum-on delay pdf, seen as an increase in the jitter. It is well known that 
optical feedback increases the average output power by a small amount Therefore, on 
first inspection, the average tum-on time would be expected to be decreased by 
external optical feedback, due to the smaller increase in carrier and photon densities 
required for the output power to exceed the logic decision power. Fig. 2.14 shows the 
output power pdf for a bias current 26% above threshold, which corresponds to an 
average output power of 0.2 mW. When no optical feedback is present the output 
power pdf is approximately gaussian. The width of the output power pdf is 
approximately equal to the mean value, which agrees with experiments performed at 
relatively low output power [40]. However, the output power pdf is no longer 
approximately gaussian when reflections induce large output power fluctuations. This 
changed shape is because the time to recover to the average value is longer when the 
output light power is displaced below the average than when it is displaced above it  
Hence the temporal power waveform appears to be spiked, as seen in fig. 2.15, with 
longer periods of below average power between the spikes, resulting in the non- 
gaussian output power pdfs in fig. 2.14 as external optical feedback increases. 
Therefore, since the average power has increased, the tum-on delay when starting 
from the average output power is decreased. However, since external optical 
feedback causes more time to be spent below the average output power than above it, 
the average tum-on delay is increased. The non-gaussian output power pdf at high 
optical feedback does not prevent the tum-on delay pdf from being approximately 
gaussian in shape. The sudden broadening of the tum-on delay pdf when the external 
reflectivity exceeds 1CH is caused by the high levels of intensity noise that occur as the 
laser enters the coherence collapse regime.
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Fig. 2.15: Output Power Waveform for Constant Current and Moderate Optical Feedback
(1=1.261*, Po=0.2 mW, Rext=0.01).
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2.7 Turn-on Delay Jitter with External Feedback for Periodically 
Modulated Lasers.
For periodically modulated lasers a data stream of alternating logic zero and logic one 
data bits is used to modulate the laser. The starting point for the power rise in each 
optical pulse is determined by the relaxation oscillations from the previous pulse. Fig. 
2.16 shows how the average tum-on delay and jitter aT change with increasing 
external optical feedback, for a bias current 26% above threshold and a modulation 
frequency of 2 GHz. The average tum-on delay is increased by a few percent by the 
optical feedback. Fig. 2.18 shows the same parameters for 10% above threshold 
modulated at 2 GHz. At this lower bias current and also at higher modulation 
frequencies the average tum-on delay decreases as optical feedback increases, but the 
change from that where no optical feedback is present is not as large as in the high 
bias current, low modulation frequency case of fig. 2.16. Increasing the modulation 
frequency changes the initial starting point for the power increase in the next optical 
pulse by allowing less of the relaxation oscillation to occur between pulses. The tum- 
on delay jitter increases dramatically as the level of external optical feedback increases 
(fig. 2.18) [35]. The jitter increase is larger at higher bias currents (fig. 2.16). Further 
investigations show that the jitter increase is larger at higher modulation frequencies. 
The graphs of average tum-on delay and jitter do not show smooth changes as the 
level of optical feedback is increased. A possible reason for the peaks and troughs in 
the curves is that the optical feedback-induced intensity noise does not always 
increase smoothly as the external reflectivity increases [31]. This is also seen in the 
intensity noise investigations in chapter 5 and 6.
The above effects are seen in the changing shape of the tum-on delay probability 
distribution function (pdf) as optical feedback increases, shown in figs. 2.17 and 2.19, 
for a bias current 26% and 10% above threshold respectively. The modulation 
frequency is 2 GHz in both cases. The tum-on delay pdf remains approximately 
gaussian for low feedback levels but changes to a very wide gaussian pdf at high 
optical feedback levels. There appears to be a transition stage for moderate optical 
feedback levels where the tum-on delay pdf becomes highly non-gaussian in shape and 
can even become double peaked. The levels of optical feedback at which the tum-on 
delay pdfs are highly non-gaussian are the same at which the average tum-on delay 
and jitter graphs do not show smooth changes. Hence the two observations are likely 
to be linked. A multiple peaked pdf means that there is a an effect taking place which 
causes two or more most likely starting points for the power rise in the pulses. The 
increase in jitter caused by optical feedback is again resultant from the large amounts
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of intensity noise that optical feedback introduces.
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Fig. 2.16: Average Turn-on Delay Ton and Jitter a j  for Increasing External Reflectivity ReXt for the 
Periodic Modulation Format (1=1.261*, fm=2 GHz).
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Fig. 2.17: Tum-on Delay Distribution for the Periodic Modulation Format for Increasing External
Reflectivity R«xt (1=1.261*, fm=2 GHz).
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Fig. 2.18: Average Tum-on Delay Ton and Jitter a j  for Increasing External Reflectivity ReXt for the 
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Fig. 2.19: Tum-on Delay Distribution for the Periodic Modulation Format for Increasing External
Reflectivity R** (1=1.11*, fm=2 GHz).
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The mean intensity evolution Pav(t) and the intensity standard deviation a P(t) are 
shown in fig. 2.20 for bias currents 10% and 26% above threshold. The graph shows 
the evolutions with and without optical feedback and looks similar to that for the 
gain-switched modulation format, but the spread in the evolutions is wider. The 
intensity standard deviation during optical feedback has similar values to that under 
gain-switched modulation, even though the intensity standard deviation without 
optical feedback is larger in the periodic modulation regime.
P M  O-vuc-o)
P M  0-12QJC-0) 
P M  0=u*R-=o.oi) 
P-(t) 0=126^ = 0.01)
V & )  0 -1 2 6 U C -O ) 
<rp(t) o=ii*R*=o.oi)
<r/t) 0=1261* ^ = 0.01)
0.1 0.15 0.2
TIME t  (ns)
Fig. 2.20: Mean Intensity Evolutions Pav(t) and the Standard Deviation Op(t) of the Intensity Under 
Periodic Modulation without Optical Feedback and with Optical Feedback from an External 
Reflectivity of Rext=0.01 at Bias Currents 10% and 26% Above Threshold (fm=2 GHz).
2.8 Turn-on Delay Jitter with External Feedback for 
Pseudorandomly Modulated Lasers.
For pseudorandomly modulated lasers a data stream of random data bits is used to 
modulate the laser. Fig. 2.21 shows how the average tum-on delay and jitter change 
with increasing external optical feedback, for a bias current 26% above threshold and 
modulated at 2 GHz. Fig. 2.23 shows the same parameters for 10% above threshold 
modulated at 2 GHz. The average tum-on delay increases by a few percent for high 
bias current (fig. 2.21). At low bias currents the tum-on delay is virtually unchanged 
(fig. 2.23). At high bias currents the tum-on delay jitter increases dramatically as the 
level of optical feedback increases.
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Fig. 2.21: Average Tum-on Delay T oo  and Jitter Oj for Increasing External Reflectivity R e Xt for the 
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Fig. 2.22: Tum-on Delay Distribution for the Pseudorandom Modulation Format for Increasing
External Reflectivity ReXt (1=1.261*, fm=2 GHz).
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Fig. 2.23: Average Turn-on Delay Ton and Jitter Oj for Increasing External Reflectivity ReXt for the 
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Fig. 2.24: Tum-on Delay Distribution for the Pseudorandom Modulation Format for Increasing
External Reflectivity ReXt (1=1.11*, fm=2 GHz).
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The increase in jitter is greater at lower modulation frequency, and is less than in the 
gain-switching and periodic modulation regimes. At low bias currents the jitter 
remains virtually unchanged. The value of the jitter without any optical feedback at a 
bias current 10% above threshold is 19 ps. This can be compared to an experimental 
value of 32 ps [5], under pseudorandom modulation conditions at 1 GHz. The 
relatively lower value obtained in the simulation may be attributed to the presence of 
less spontaneous emission noise. This may occur by either using a lower value for the 
spontaneous emission factor, or by operating at a bias current further above threshold.
The above effects are seen in the changing shape of the turn-on delay probability 
distribution function (pdf) as optical feedback increases, shown in figs. 2.22 and 2.24. 
At the modulation conditions investigated the turn-on delay pdf is double peaked 
without external feedback. The double peaked distribution occurs because the 
modulation frequency is sufficiently high to prevent the carrier density relaxing to its 
steady state value during a single logic bit Hence different turn-on delays occur, 
depending on the number of preceding zero bits, and double peaks known as pattern 
effects [11,14,19-21] are seen in the turn-on delay pdf without external optical 
feedback present At lower modulation frequencies the carrier density reaches its 
steady state value during a single logic zero bit, thus preventing pattern effects and 
giving a single peaked turn-on delay pdf. Such pattern effects also depend upon the 
device parameters and particularly the carrier lifetime xsp. For shorter carrier lifetimes 
pattern effects will occur only at higher modulation frequencies. The two peaks are 
broadened by external optical feedback but remain distinguishable for low external 
reflectivities. For high external reflectivities the tum-on delay pdf is changed into an 
approximately gaussian shaped pdf because the peaks are broadened so much that 
they are destroyed, but at the expense of increased jitter. At low bias currents the 
jitter is already very large and hence optical feedback does not increase it significantly. 
Whether the average tum-on delay increases or decreases with optical feedback is 
dependent on whether the single peaked distribution that remains after the pattern 
effects have been destroyed lies nearer the faster or slower of the two original peaks. 
The increase in jitter caused by optical feedback is again resultant from the large 
amounts of intensity noise that optical feedback introduces. Therefore moderate 
amounts of optical feedback can be used to prevent the pattern effects which may 
occur at some combinations of modulation frequency and operating conditions 
[34,35].
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Fig. 2.25: Mean Intensity Evolutions Pav(0  and the Standard Deviation Op(t) of the Intensity Under 
Pseudorandom Modulation without Optical Feedback and with Optical Feedback from an External 
Reflectivity of Re^O.Ol at Bias Currents of 10% and 26% Above Threshold (fm=2 GHz).
The mean intensity evolution Pav(t) and the intensity standard deviation o P(t) are 
shown in fig. 2.25 for bias currents 10% and 26% above threshold. The graph shows 
the evolutions with and without optical feedback. The mean intensity evolutions show 
that optical feedback can increase or decrease the average tum-on delay. At the lower 
bias current of 10% above threshold the intensity standard deviation is already very 
large and is not altered very much by the addition of optical feedback. This agrees 
with the results of fig. 2.23. For the higher bias current of 26% above threshold the 
intensity standard deviation is small without optical feedback but increases when 
optical feedback is present. This is seen as an increase of the jitter in fig. 2.21.
At lower bias currents the jitter is already large due to spontaneous emission noise, 
therefore the increase in jitter due to optical feedback is less at lower bias currents. 
The effect of changing the logic zero state bias current is shown in fig. 2.26 for fixed 
optical feedback of external reflectivity, R^ xt=0.005. The modulation frequency is 2 
GHz. It can be seen that the average tum-on delay with optical feedback is usually 
larger than when no optical feedback is present. The jitter without optical feedback 
decreases as the bias current increases. However, the jitter with optical feedback 
increases as the bias current increases. At low bias currents the jitter is already 
relatively large due to spontaneous emission. Therefore the increase in jitter due to 
optical feedback is larger at high bias currents than at low bias currents. This leads to
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the increasing difference between the jitter with and without optical feedback seen in 
fig. 2.26.
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Fig. 2.26: Average Tum-on Delay and Jitter Oj with (ReXt=0.005) and Without Optical Feedback 
(R€Xt=0) for Increasing Bias Current I (fm=2 GHz).
2.9 Implications for Bit-Error-Rate and System Performance.
The bit-error-rate (BER) can be calculated from the tum-on delay probability 
distribution or the jitter. Errors in the transmitted data due to the tum-on delay jitter 
of the laser can occur when the tum-on delay is too long for the pulse to be detected 
by the receiver. This is illustrated in fig. 2.27. If a tum-on delay approaches or 
exceeds the modulation bit duration then an error is detected at the receiver. The 
error probability can alternatively be interpreted as a power penalty in the 
communication system. The probability of an error is represented as the shaded area 
in the long tum-on pdf delay tail of fig. 2.27. It is not strictly the shape of the tum-on 
delay pdf that is important. The jitter-induced error rate is dependent on the tails of 
the tum-on delay pdf. By approximating the tum-on delay pdf as a gaussian shape 
with easily calculated tails, it is possible to calculate the system performance 
degradation due to jitter [41-49].
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Fig 2.27: How Data Errors Occur from Turn-on Delay Jitter.
2.10 Conclusion.
This chapter has investigated the effect of external optical feedback on the tum-on 
delay characteristics of typical semiconductor lasers used in digital optical 
communications systems. Chaotic behaviour introduced by the external optical 
feedback introduces additional intensity noise to that caused by spontaneous emission. 
The result is increased tum-on delay jitter in all of the gain-switching, periodic and 
pseudorandom modulation formats. The jitter is increased dramatically by high 
external reflectivity. The average tum-on delay is increased by optical feedback during 
the gain-switching modulation format. During periodic modulation and the more 
practical pseudorandom modulation regime the effect on the average tum-on delay is 
dependant on the modulation conditions, with the average tum-on delay either 
increasing or decreasing as the optical feedback increases. The increase in jitter is 
greatest at higher bias currents. If under pseudorandom modulation the modulation 
conditions result in the tum-on delay pdf to be twin peaked without feedback, then 
moderate amounts of external optical feedback can change the pdf into a single 
peaked pdf. Thus optical feedback can prevent the pattern effect from occurring, but 
at the expense of a very large jitter. The increase in tum-on delay jitter caused by 
external optical feedback is less when the tum-on delay distribution is initially double 
peaked since in this case a large jitter is already exhibited.
41
Chapter 2: The Effect o f Optical Feedback on the Turn-on Delay Statistics o f Laser Diodes.
Chapter 2 References.
[1] MM Choy, P L Liu, P W Shumate, T P Lee, and S Tsuji, "Measurements of 
Dynamic Photon Fluctuations in a Directly Modulated 1.5-|im InGaAsP 
Distributed Feedback Laser", Appl. Phys. Lett., Vol. 47, No. 5, pp. 448-450, 
1985.
[2] E H Bottcher, K Ketterer, and D Bimberg, "Tum-on Delay Time Fluctuations 
in Gain-Switched AlGaAs/GaAs Multiple-Quantum-Well Lasers", J. Appl. 
Phys., Vol. 63, No. 7, pp. 2469-2471,1988.
[3] W H Cheng, J M Dugan, J C Miller, D Renner, T C McDermott, and C B Su, 
"1.3 pm InGaAsP Fabry-Perot Lasers with Reduced Pulse Jitter and Power 
Penalty", Electron. Lett Vol. 28, No. 14, pp. 1337-1338, 1992.
[4] A D'Ottavi, A Mecozzi, P Spano, and P Piazzolla, "Time Jitter in Multimode 
Fabry-Perot Laser Diodes", Appl. Phys. Lett, Vol. 53, No. 24, pp. 2362- 
2364, 1988.
[5] T M Shen, "Timing Jitter in Semiconductor Lasers Under Pseudorandom 
Word Modulation", IEEE J. Lightwave Tech., Vol. 7, No. 9, pp. 1394-1399, 
1989.
[6] P Spano, A D'Ottavi, A Mecozzi, and B Daino, "Experimental Observation of 
Time Jitter in Semiconductor Laser Tum-on", AppL Phys. Lett, Vol. 52, No. 
26, pp. 2203-2204, 1988.
[7] A G Weber, W Ronghan, E H Bottcher, M Schell, and D Bimberg, 
"Measurement and Simulation of the Tum-on Delay Time Jitter in Gain- 
Switched Semiconductor Lasers", IEEE J. Quantum Electron., Vol. 28, No. 
2, pp. 441-445,1992.
[8] P Spano, A D’Ottavi, A Mecozzi, B Daino, and S Piazzolla, "Experimental 
Measurements and Theory of First Passage Time in Pulse-Modulated 
Semiconductor Lasers”, IEEE J. Quantum Electron., Vol. 25, No. 6, pp. 
1440-1449,1989.
[9] E Sano, M Shinagawa, and R Takahashi, "Theoretical Analysis of Timing 
Jitter in Gain-Switched Semiconductor Lasers", Appl. Phys. Lett, Vol. 55, 
No. 6, pp. 522-524,1989.
[10] P K Pepeljugoski, D M Cutrer and K Y Lau. "Parametric Dependence of 
Timing Jitter in Gain-Switched Semiconductor Lasers", Appl. Phys. Lett 
Vol. 63, No. 26, pp. 3556-3558, 1993.
[11] A Sapia, P Spano, C R Mirasso, P Colet, and M San Miguel, "Pattern Effects 
in Time Jitter of Semiconductor Lasers", Appl. Phys. Lett., Vol. 61, No. 15, 
pp. 1748-1750, 1992.
42
Chapter 2: The Effect o f Optical Feedback on the Turn-on Delay Statistics o f Laser Diodes.
[12] S E Miller, "Tum-on Jitter in Nearly Single-Mode Injection Lasers", IEEE J. 
Quantum Electron., Vol. 22, No. 1, pp. 16-19,1986.
[13] C R Mirasso, P Colet and M San Miguel, "Pulse Statistics in Single-Mode 
Semiconductor Lasers Modulated at Gigahertz Rates", Optics Lett, Vol. 16, 
No. 22, pp. 1753-1755,1991.
[14] C R Mirasso, P Colet, and M San Miguel, "Dependence of Timing Jitter on 
Bias Level for Single-Mode Semiconductor Lasers Under High Speed 
Modulation", IEEE J. Quantum Electron., Vol. 29, No. 1, pp. 23-32,1993.
[15] M Jinno, "Correlated and Uncorrelated Timing Jitter in Gain-Switched Laser 
Diodes", IEEE Phot Technol. Lett, Vol. 5, No. 10, pp. 1140-1143,1993.
[16] A Valle, M Rodriguez, and C R Mirasso, "Analytical Calculation of Timing 
Jitter in Single-Mode Semiconductor Lasers Under Fast Periodic 
Modulation", Optics Lett., Vol. 17, No. 21, pp. 1523-1525,1992.
[17] S Balle, C R Mirasso, A Sapia and P Spano, "Analytical Results of the Switch 
on Statistics in Distributed Feedback Laser Diodes by Short Triangular 
Pulses", Appl. Phys. Lett, Vol. 63, No. 13, pp. 1721-1723,1993.
[18] C R Mirasso and E Hemindez-Garcia, "Effects of Current Modulation on 
Single-Mode Semiconductor Lasers in a Short External Cavity", Submitted to 
IEEE Phot Technol. Lett., 1994.
[19] C R Mirasso, P Colet and M San Miguel, "Pseudorandom Word Modulation 
of Single-Mode Semiconductor Lasers at GHz Rates", 1EE Proc.-Part J, Vol. 
140, No. 1, pp. 26-29,1993.
[20] P Colet C R Mirasso, and M San Miguel, "Memory Diagram of Single-Mode 
Semiconductor Lasers", IEEE J. Quantum Electron., Vol. 29, No. 6, pp. 
1624-1630,1993.
[21] C R Mirasso, A Valle, L Pesquera, and P Colet "Simple Method for 
Estimating the Memory Diagram in Single Mode Semiconductor Lasers", IEE 
Proc.-Optoelectron., Vol. 141, No. 2, pp. 109-113,1994.
[22] K Petermann, "Laser Diode Modulation and Noise", Kluwer Academic, 1988.
[23] R Lang and K Kobayashi, "External Optical Feedback Effects on 
Semiconductor Injection Laser Properties", IEEE J. Quantum Electron., Vol. 
16, No. 3, pp. 347-355,1980.
[24] R W Tkach and A R Chraplyvy, "Regimes of Feedback Effects in 1.5-p.m 
Distributed Feedback Lasers", IEEE J. Lightwave Tech., Vol. 4, No. 11, pp. 
1655-1661,1986.
[25] N Schunk and K Petermann, "Numerical Analysis of the Feedback Regimes 
for a Single-Mode Semiconductor Laser with External Feedback", IEEE J. 
Quantum Electron., Vol. 24, No. 7, pp. 1242-1247,1988.
43
Chapter 2: The Effect o f Optical Feedback on the Tum-on Delay Statistics of Laser Diodes.
[26] J M0rk, J Mark, and B Tromborg, "Route to Chaos and Competition 
Between Relaxation Oscillations for a Semiconductor Laser with Optical 
Feedback", Phys. Rev. Lett, Vol. 65, No. 16, pp. 1999-2002,1990.
[27] T B Simpson, J M Liu, A Gavrielides, V Kovanis, and P M Alsing, "Period- 
Doubling Route to Chaos in a Semiconductor Laser Subject to Optical 
Injection", Appl. Phys. Lett., Vol. 64, No. 26, pp. 3539-3541,1994.
[28] B Tromborg and J Mprk, "Stability Analysis and the Route to Chaos for 
Laser Diodes with Optical Feedback", IEEE Phot Technol. Lett, Vol. 2, No. 
8, pp. 549-552,1990.
[29] J M0rk, B Tromborg, and J Mark, "Chaos in Semiconductor Lasers with 
Optical Feedback: Theory and Experiment", IEEE J. Quantum Electron., Vol. 
28, No. 1, pp. 93-108,1992.
[30] H Li, J Ye, and J G Mclnemey, "Detailed Analysis of Coherence Collapse in 
Semiconductor Lasers", IEEE J. Quantum Electron., Vol. 29, No. 9, pp. 
2421-2432,1993.
[31] B R Clarke, "The Effect of Reflections on the System Performance of 
Intensity Modulated Laser Diodes", IEEE J. Lightwave Tech., Vol. 9, No. 6, 
pp. 741-749,1991.
[32] D M Byrne, D Maclean, and R Plumb, "Optical Feedback-Induced Noise in 
Pigtailed Laser Diode Modules", IEEE Phot Technol. Lett, Vol. 3, No. 10, 
pp. 891-894, 1991.
[33] N Schunk and K Petermann, "Measured Feedback-Induced Intensity Noise 
for 1.3 |im DFB Laser Diodes", Electron. Lett, Vol. 25, No. 1, pp. 63-64, 
1989.
[34] H J Wu and H C Chang, "Tum-on Jitter in Semiconductor Lasers with 
Moderate Reflecting Feedback", IEEE Phot Technol. Lett, Vol. 4, No. 4, 
pp. 339-342,1992.
[35] L N Langley and K A Shore, "The Effect of External Optical Feedback on 
Timing Jitter in Modulated Laser Diodes", IEEE J. Lightwave Technol., Vol. 
11, No. 3, pp. 434-441,1993.
[36] L N Langley and K A Shore, "The Effect of External Optical Feedback on the 
Tum-on Delay Statistics of Laser Diodes Under Pseudorandom Modulation", 
IEEE Phot Technol. Lett., Vol. 4, No. 11, pp. 1207-1209,1992.
[37] E Hemdndez-Garcia, C R Mirasso, K A Shore, and M San Miguel, "Tum-on 
Jitter of Extemal-Cavity Semiconductor Lasers", IEEE J. Quantum Electron., 
Vol. 30, No. 2, pp. 241-248,1994.
44
Chapter 2: The Effect o f Optical Feedback on the Turn-on Delay Statistics o f Laser Diodes.
[38] M Schell, W Utz, D Huhse, J Kassner, and D Bimberg, "Reduction of the 
Turn-On Delay Jitter of a Gain-Switched Semiconductor Laser by Self- 
Seeding", Submitted to Appl. Phys. Lett., 1994.
[39] N Schunk and K Petermann, "Noise Analysis of Injection-Locked 
Semiconductor Lasers", IEEE J. Quantum Electron., Vol. 22, No. 5, pp. 642-
650.1986.
[40] P L Liu, L E Fencil, J S Ko, P 1 Kaminow, T P Lee, and C A Burrus, 
"Amplitude Fluctuations and Photon Statistics of InGaAsP Injection Lasers", 
IEEE J. Quantum Electron., Vol. 19, No. 9, pp. 1348-1351, 1983.
[41] G P Agrawal and T M Shen, "Power Penalty Due to Decision-Time Jitter in 
Optical Communication Systems", Electron. Lett., Vol. 22, No. 9, pp. 450-
451.1986.
[42] J J O'Reilly, J R F da Rocha, and K Schumacher, "Influence of Timing Errors 
on the Performance of Direct-Detection Optical-Fibre Communication 
Systems", IEE Proc.-Part J, Vol. 132, No. 6, pp. 309-313,1985.
[43] K Schumacher and J J O'Reilly, "Power Penalty Due to Jitter on Optical 
Communication Systems", Electron. Lett, Vol. 23, No. 14, pp. 718-719, 
1987.
[44] A Cartaxo and A de Albuquerque, "Influence of the Various Types of Noise 
on Jitter Performance in Binary Direct Detection Optical Communications", 
IEE Proc.-Part J, Vol. 137, No. 6, pp. 375-378,1990.
[45] K Schumacher and J J O'Reilly, "Distribution Free Bound on the Performance 
of Optical Communication Systems in the Presence of Jitter", IEE Proc.-Part 
J, Vol. 136, No. 2, pp. 129-136,1989.
[46] G P Agrawal and T M Shen, "Effect of Fiber-Far-End Reflections on the Bit 
Error Rate in Optical Communication with Single-Frequency Semiconductor 
Lasers", IEEE J. Lightwave Tech., Vol. 4, No. 1, pp. 58-63, 1986.
[47] N A Olsson, W T Tsang, H Temkin, N K Dutta, and R A Logan, "Bit-Error- 
Rate Saturation Due to Mode-Partition Noise Induced by Optical Feedback in 
1.5-jim Single Longitudinal-Mode C3 and DFB Semiconductor Lasers", 
IEEE J. Lightwave Tech., Vol. 3, No. 2, pp. 215-218,1985.
[48] M Shikada, S Takano, S Fujita, I Mito, and K Minemura, "Evaluation of 
Power Penalties Caused by Feedback Noise of Distributed Feedback Laser 
Diodes", IEEE J. Lightwave Tech., Vol. 6, No. 5, pp. 655-659,1988.
[49] T M Shen and G P Agrawal, "Computer Simulation and Noise Analysis of the 
System Performance of 1.55-|im Single-Frequency Semiconductor Lasers", 
IEEE J. Lightwave Tech., Vol. 5, No. 5, pp. 653-659,1987.
45
Chapter 3:
An Iterative Travelling Wave Model for 
External Cavity Laser Diodes.
3.1 Introduction to External Cavity Laser Diodes.
In this chapter a model to describe the dynamics of external cavity laser diodes is 
developed. The model is developed for the case of strong conventional optical 
feedback (sections 3.3-3.7), and is adapted for the cases of the external cavity FM 
diode laser (sections 3.8 and 3.9) and strong phase conjugate optical feedback 
(sections 3.10 and 3.11). In chapter 4 the various adaptations of the model for the 
above cases are used to investigate a variety of effects in external cavity laser diodes.
An external cavity laser diode is shown in fig. 3.1. In chapter 2 unwanted weak optical 
feedback in an optical communication system was considered. Here the case of light 
deliberately returned into the laser is studied. When the external reflectivity is large 
(say greater than 10%), the operating regime is known as strong optical feedback. 
The laser output can be monitored through the laser facet rl or through the external 
mirror if it is not 100% reflective. The facet r2 forming the boundary between the laser 
internal cavity and the external cavity may or may not be anti-reflection (AR) coated. 
To form an anti-reflection coating a thin layer (one quarter of a wavelength thick) of a 
suitable material is placed on the laser facet such that the reflection is lowered to 
approximately zero. In this case, the optical feedback from the external mirror is 
strong enough so that the dominant lasing cavity is defined between the laser facet rl 
and the external mirror, hence the name External Cavity Diode Laser (ECDL) [1-13].
Laser External Cavity Mirror
Fig. 3.1: An External Cavity Laser Showing Strong Optical Feedback From a Mirror.
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Figs. 3.1 and 3.2 illustrate some possible configurations of external cavity laser 
diodes. An external grating can be used instead of a mirror [14-39], thus adding the 
benefit of wavelength selection of the feedback light to force the laser to operate in a 
specific longitudinal mode. Also, by rotating the grating the lasing wavelength can be 
tuned [29-39]. Integrated external cavity laser diodes [40-49] have been made with a 
short external cavity on the laser chip itself. The external cavity can also be formed by 
coupling the laser to an optical fibre with a high reflection coating on the fibre far end 
[50-53].
n n





Fig. 3.2: External Cavity Formed Using a Grating or Optical Fibre.
Sometimes it is necessary to use a curved mirror to focus as much as possible of the 
feedback light back into the laser. For all but the shortest external cavities, lenses are 
usually required to collimate the light so as to increase the coupling between the laser 
and external mirror. It is also possible to use a phase conjugate mirror, as shown in 
fig. 3.3. Phase conjugate mirrors produce a reflected beam which is reversed in phase 
with respect to the incident beam. Thus there is no net external cavity round trip 
phase change. Also, since the phase conjugate mirror returns incident beams along 
their original path nearly all of the light is returned back into the laser without 
alignment problems. This gives the phase conjugate mirror the advantage of having a 
high reflectivity (of greater than unity if required). A more detailed discussion of 
optical feedback from phase conjugate mirrors is given in chapters 6 and 7. Strong 





Laser External Cavity Phase Conjugate
Mirror
Fig. 3.3: External Cavity Laser Formed Using a Phase Conjugate Mirror.
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The use of external cavity laser diodes brings the further benefit of allowing the 
insertion of optical elements into the laser cavity. In such a way modulation of the 
light within the lasing cavity can be accomplished. One such laser is the external cavity 
frequency modulated laser [54-56] described later in this chapter. External cavities are 
also used for resonant modulation (see chapter 4) and mode locking of diode lasers
[57].
3.2 Characteristics of External Cavity Laser Diodes.
The addition of an external mirror can increase the effective reflectivity of the laser 
facet, causing more light to be fed back into the laser active region than would occur 
from the solitary laser facet alone. In this case, there is a smaller loss of light from the 
laser through the facets. Hence the gain required to reach the lasing threshold is less 
for an external cavity laser than for a solitary laser. Therefore the threshold current 1^  
is decreased, allowing operation of the external cavity laser at currents below that of 
the solitary device. The consequence of this is that for a fixed injection current the 
output power PQ of the external cavity laser can be considerably increased over that of 
the solitary laser. The decreasing of the threshold current and increasing of output 
power is shown in fig. 3.4, as a shifting to the left of the Light-Current characteristic
[58]. It should also be noted that the Light-Current curve is also shifted by weak 
optical feedback but that the shift is so small that it can usually be ignored. If the 
length of the external cavity is longer than the coherence length of the laser then 
movement of the mirror has no effect on the laser behaviour. However, if the external 
cavity is shorter than the coherence length then the relative phase between the laser 
facet r2 and the external mirror r3 must be considered. Alternatively, A phase 
conjugate mirror ensures that the external reflection is always in phase with that from 
the laser facet, irrespective of any movement of the mirror.
The line width Av of solitary laser diodes is very large (= 1 MHz) [58]. The linewidth 
is dependent on the level of the spontaneous noise processes within the laser, and is 
also inversely proportional to the output power of the device. An external cavity is 
often added to reduce the linewidth of the laser to considerably lower values (-10 
kHz) [1-8,59-65]. For a given output power, the external cavity laser has many times 
more photons within it than a solitary laser. However, both lasers have the same size 
of active region, resulting in the same rate of spontaneous photon generation. Hence, 
the ratio of total photons with the laser to the spontaneously emitted photons is much
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Fig. 3.4: The Changing of the Light-Current Characteristic Due to Strong Optical Feedback.
The intensity noise of the external cavity laser is also considerably different from that 
of the solitary laser. The external cavity causes resonances in the intensity noise at 
frequencies of multiples of l/xcxt where x ^  is the external cavity round trip delay. The 
intensity noise at other frequencies is suppressed. The intensity modulation response 
of the external cavity laser is also enhanced at multiples of l/xext in exactly the same 
way as the intensity noise. This is the basis of resonant modulation beyond the 
relaxation oscillation frequency of the laser, which is discussed in chapter 4.
The characteristics of external cavity laser diodes result from the large levels of 
optical feedback from the external mirror. The optical feedback properties of laser 
diodes have been classified into five regions of behaviour denoted regimes I to V 
respectively, where strong optical feedback is denoted regime V [66,67]. These 
regimes have already been described in detail in chapter 1. Regimes I-IV encompass 
the low feedback properties of laser diodes including the so called "coherence 
collapse" [68-70] state of operation, and have been thoroughly investigated. Despite 
the fact that external cavity laser diodes are frequently used experimentally for their 
linewidth narrowing properties [1-8,59-65], much less work has been performed on 
the properties of laser diodes with strong optical feedback (regime V) [71-84]. The 
present work aims to rectify that deficiency.
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3.3 Effective Reflectivity of Laser Facet and External Mirror.
the laser facet reflectivity r2 and external mirror reflectivity r3 into an effective 
reflectivity rR(co) as shown in fig. 3.5. In the case of strong optical feedback the 
contribution of many multiple reflections around the external cavity are of comparable 
magnitude to the first single round trip reflection. The effective reflectivity rR(co) takes 
into account the magnitudes of the facet reflectivity and the external mirror 
reflectivity, as well as the phase change between them. The effective reflectivity is 
written in terms of a summation of successive reflections around the external cavity,
where corext is the phase change for a single trip around the external cavity, and q is 
the number of multiple reflections to be considered around the external cavity. The 
summation in (3.1) is a geometric progression with a first term of a = e'***** and a 
common ratio of b -  -r2rie~i<i*ext. Using the sum to infinity of a converging geometric 
progression in the form





1 + r0ne *****
ri e^xt
(3.3)
n n  n . ri rR(co)
COXext
Fig. 3.5: How the Laser Facet 12 and External Mirror r3 can be Replaced by an 
Effective Reflectivity rR(cD).
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The effective reflectivity rR(co) is frequency dependent. The magnitude and phase of 
rR(co) will oscillate as the distance to the external mirror is varied. Alternatively the 
magnitude and phase of rR(co) will also oscillate as the laser frequency is varied. This 
is due to r2 and r3 moving in and out of phase with each other in this case. If the 
external feedback is provided by a grating [14-39] then there will also be a frequency 
dependence of the external reflectivity r3(co) which can be incorporated into rR(co). In 
addition, if there is a modulator placed in the external cavity then a time dependence 
of the effective reflectivity rR(co,t) will result This is the case for the frequency 
modulated external cavity laser discussed later in this chapter and also in chapter 4.
3.4 Limitations of the Weak Optical Feedback Rate Equations.
The standard Lang and Kobayashi rate equations [66,67,85] adequately describe the 
behaviour of the laser diode only for weak feedback regimes of operation. These rate 
equations for weak optical feedback (see chapter 2) require the condition 12Ak£ | « 1  
[73] where Ak is the dynamical change in the complex wave number and t  is the laser 
diode cavity length. The complex wave number k(co,n) is given by [73]
k(co, n) = — |i(co, n)+ j  ^  {g(co, n) -  a, }, (3.5)
c 2
where n is the carrier density, |i(G),n) is the refractive index, g(co,n) is the modal gain 
per unit length and oq is the laser internal losses per unit length. The above condition 
12Ak  ^| « 1  is violated for the coherence collapse state at high feedback levels. When 
the above inequality is violated the laser emission frequency co(t) has changed by so 
much that the laser wavelength will, in practice, have hopped to an adjacent 
longitudinal mode. Due to the single mode nature of the rate equation model this 
effect cannot be accommodated.
The weak feedback rate equation approach, due to the above condition, is only valid 
for modelling the laser at feedback levels up to a few percent [66,85], and is not able 
to model strong optical feedback or external cavity laser diodes. The rate equations 
also do not model multiple reflections from the external cavity. A strong optical 
feedback model must allow larger levels of external reflectivity to be modelled, as well 
as multiple reflections around the external cavity. The optical feedback rate equations 
have been modified to accommodate strong optical feedback [78-82]. The 
modifications include the addition of terms representing multiple reflections from the 
external cavity and the replacing of the facet reflectivity r2 with the effective
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reflectivity rR(co) developed in section 3.3. The modified rate equation models suffer 
from the problem of large computation times, due to the combination of the stiffness 
of the differential equations and the Runge-Kutta solution method usually used. As a 
result travelling wave descriptions have been developed [71-77]. These travelling 
wave models do not include differential equations and are hence much more efficient 
computationally. In particular a simple iterative travelling wave model [72-75] has 
been developed to describe the behaviour of semiconductor lasers subject to arbitrary 
levels of optical feedback. The model is described in the next section and accounts for 
strong optical feedback with multiple reflections around the external cavity.
3.5 The Iterative Travelling Wave Model for an External Cavity 
Laser Diode.
The following model is based on that of an iterative travelling wave model [72-74]. 
The left moving E~(z,t) and right moving E* {z, t) electric fields within the laser are 
shown in fig. 3.6. A reference plane is drawn just within the laser facet r2. The right 
and left reflectivities seen at this reference plane are rL(co,n) and rR(co) respectively, 
and are frequency dependent The left reflectivity at the reference plane is also 
dependent on the carrier density within the laser. The length of the laser is i  and that 
of the external cavity is L^. The total electric field Eco(z) within the laser is given by 





-£■ 0  L ex t
Fig. 3.6: The Frequency Dependent Right rR((o) and Left rL(co,n) Reflectivities Seen
at the Reference Plane.
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3.5.1 Boundary Conditions.
Firstly the reflection boundary conditions within the laser are considered, with 
reference to fig. 3.6. The boundary condition at the facet rl5
E + (-e)= riE-(-e), (3.7)
is transformed into a boundary condition at the reference plane, i.e.
Eu(0) = rL(ca,n)E~(0), (3.8)
where rL(co,n) is the effective reflectivity of the left going field given by
rL((0,n) = rle--/2Ht0J,)e. (3.9)
The boundary condition at the right facet is
E„(0) = r*(G))££(0), (3.10)
where rR(co) is the effective right reflectivity given in (3.4).
The left moving field at the reference plane is written as a sum of multiple reflections 
of the right moving field in a similar way to the derivation of the effective right 
reflectivity rR(co), thus (by placing (3.1) into (3.10))
E-(0) = r2E:(0) + r3( l - r f  ) j x ( - r 2r3 )** jf^ O). (3.11)
The boundary conditions (3.8) and (3.10) give the oscillation condition for the 
external cavity laser in the absence of spontaneous emission noise,
= (3-12)
This is the usual oscillation condition for a laser, where the net round trip gain 
(including losses) must be unity and a whole number of wavelengths must fit inside 
the cavity. The oscillation condition (3.12) defines the longitudinal modes and 
operating frequency of the external cavity laser diode. It enables the threshold carrier
53
Chapter 3: An Iterative Travelling Wave Model for External Cavity Laser Diodes.
density nth and the steady state emission frequency G )s  to be found. In the presence of 
noise (3.12) is modified to
£ :(0) = rI(ajs,nJrs((Ds)£ :(0) + FI(co). (3.13)
where FL(co) is the noise. The preceding lasing conditions (3.6)-(3.13) have been 
developed in the frequency domain. A dynamic equation in the time domain is 
required for the model of strong optical feedback. This is performed by the 
introduction of slowly varying envelope functions A+(t) and A'(t) of the electric fields 
at the reference plane [73],
A+(fy"‘'=^£F:(°yv(» (3.i4>
and
A -(ty *  = 2 -  f  £;(0)e*V<B. (3.15)
2K
3.5.2 Partial Derivatives of the Wave Vector.
To produce the iterative travelling wave model the left reflectivity rL(co,n) (3.9) is 
expanded about the stationary values of emission frequency G0o and carrier density n  ^
of the solitary laser [73]. The expansion of the left reflectivity is achieved by the 
expansion of the wave vector k(oo,n) (3.5) about the same stationary values. To 
perform this operation the partial derivatives of k(co,n) with respect to frequency g o  
and carrier density n are required. From (3.5)
dk U
( 3 , 6 )3go
The group velocity vg is given by
u 3|i
dGO
where |ig is the group refractive index. Substituting (3.17) into the partial derivative 
(3.16) gives the partial derivative of the wave vector with respect to frequency,
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*L = ± + j L t e .  (3.18)
3(0 2 3co






H" = -^-G ?(co,«)-«;)■ (3-21)
2 0)
Also the partial derivative of the wave vector (3.20) with respect to carrier density is,
*  = (3.22)
dn c dn c dn
The linewidth enhancement factor [58] is introduced,
(3.23)
* /L
and relates the changes in the real part of the refractive index to changes in the 
imaginary part of the refractive index. The partial derivative of (3.21) with respect to 
carrier density is
(3-24)on 2 (Hon 
which when placed into (3.22) together with (3.23) gives
j r  = j k l  + j * ) &  (3.25)on 2 dn
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3.5.3 Modelling of the Electric Field.
Once the partial derivatives (3.18) and (3.25) are known, the left reflectivity rL(co,n) 
(3.9) can be expanded about the stationary solutions coG and n  ^ of the solitary laser
[73] as
rL{(0,n) = . (3.26)
The term 2Ak£ in (3.26) can be written as
2AW = 2 J (ca -w 0) J ^ + ( n - nj | j j .  (3.27)
Substituting (3.18) and (3.25) into (3.27) gives
2 m  = x J h + j ^ G ^ m - m 0) + j^ G n{ l+ ja ) (n -n th)^, (3.28)
where tl is the laser internal cavity round trip time
%L = —~~i (3.29)
vs
G is the gain per unit time
G = gvg, (3.30)
Gq, is the rate of change of the gain with frequency
G <o=|^ = vg | ^ ,  (3.31)
d(0 s 3cd
and Gn is the rate of change of gain with carrier density (gain slope)
<3'52>
Substituting (3.28) into (3.26) and assuming that G^ ^O gives
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rL((ti,n) = (3 33)
The term e~ a° Jl‘h^  in (3.33) is equal to unity at the stationary values co0 and nth, and 
substituting the solitary laser condition,
rL ( & o*n th )r2 =  rl r2 =  1 (3 -34)
into (3.33) gives
rL(a>,n) = . (3.35)
Inserting (3.35), (3.10) and (3.11) into (3.13) (with cos replaced by (uj results in [73] 
£*(0) = x
(3.36)
which is simplified to
£+(0)=j _ e - j ( ^ 0h L e4 a"a+'a)("-''*h i
r}
(3.37)
E:(0) -  (l -  r\ )e : (0)X (-r2r,)?
«=° J
Finally (3.37) is transformed into the time domain using (3.14) and (3.15),
.  ./ \ 1 +^ja)G„(n(t)-nth)xL
X*(t+x,) = - e ! x
|^ +W - ( l - ' ‘22) S ( _r2,3e (3-38)
+FL(t)^L
where an arbitrary time shift of t - > t+ x L has been introduced to produce the 
iterative equation. The term FL(t) represents the Langevin noise processes to model 
the spontaneous emission noise. The iterative equation for the electric field envelope
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(3.38) relates the right moving envelope A+^+Xl) at intervals of the laser internal 
round trip time xL to the values of the right moving field one internal cavity round trip 
earlier A+(t) and also to the external cavity round trip reflections A+(t-qXL).
3.5.4 Modelling of Carrier Density.
To complete the model an iterative equation for the carrier density is required also. It 
is chosen to use a Taylor series expansion up to the second derivative [73],
n(t+XL) = n ( t ) + ^ ^ - t L + - ^ f - x \ .  (3.39)
dt 2 dt
It has been found that a Taylor series up to terms in x | is sufficient to keep numerical 
stability of the model [73]. The dn(t)/dt term in (3.39) is calculated from the usual rate 
equation for the carrier density
^  = 4 _ * £ L G>i(n(,) _ „ > ( ,) .  (3.40)
at eV t
where I(t) is the injection current, V is the active region volume of the laser diode, e is 
the electronic charge, xsp is the carrier lifetime, Gn is the gain slope, is the gain 
linearisation point and s(t) is the photon density. The second derivative of the carrier 
density is obtained by further differentiation of (3.40)
d , 1 *  ^  K  J d t d t
The model for a laser diode with strong optical feedback is thus described by the 
iterative equations (3.38) and (3.39) [73-75], and is represented in fig. 3.7. The laser 
is operating as an external cavity laser in which the dominant cavity is defined by the 
mirrors q  and r3. In fig. 3.7 A+(t) is the right moving electric field leaving the laser 
facet, A~(t-xext) is the left moving field returning into the laser, xext is the external 
cavity round trip delay and xL is the laser internal round trip time. The effective 
reflectivity of the r2 and r3 combination is rR(co), and CDXext is the single pass external 
cavity round trip phase change.
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Fig. 3.7: Representation of the Iterative Travelling Wave Model for an External Cavity Laser.
3.5.5 Photon Density, Output Power and Spontaneous Emission 
Noise.
From a consideration of the relationship between the exponential intra-cavity variation 
of the photon densities and the emitted photon density s(t), it is found [72,73] that
*(f) = c(co,n)|A+(f)|2 (3.42)
where
o(co ,n) =  4KE^ *  1„ ) ~ ( l r«l+ r i)(* ~  r>W )- (3.43)hm, U - o y r ,
and g is the modal gain per unit length. The output power is then calculated from the 
photon density using the method in chapter 2,
, .  t i g )shs(t)V
P.(t)=  / r  • 0 .4 4 )
To complete the model the Langevin noise term to model spontaneous noise is added 
as in (3.38). A similar term is not added to the carriers (3.39) because the carrier 
Langevin noise is due to shot noise which can be neglected. The term FL(t) is 
calculated in a similar manner to (3.42) using
<3 45)
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The photon Langevin noise term Fs(t) in (3.45) is calculated as in appendix 2, using
where the Langevin noise application interval At (see appendix 2) has been replaced 
by the iterative model time step of the laser internal cavity round trip time xL. The 
terms X! and x2 are random variables, with xl having zero mean and unity variance, 
and x2 being evenly distributed in the range -1 < jc2 < 1
3.6 Stationary Solutions.
Due to the strong optical feedback the stationary solutions at a given injection current 
are significantly altered from those of the solitary laser described in chapter 1. The 
effective reflectivity rR(co) is used instead of r2 to calculate such parameters as the 
photon lifetime and threshold current The photon lifetime is thus modified from xph to
p^h,r






The stationary photon density sQ is then calculated as
(3.50)
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3.7 Numerical Solution.
The equations defining the behaviour of the laser (3.38)-(3.41) are solved iteratively 
to calculate the photon density s(t), output power PG(t), carrier density n(t) and 
emission frequency co(t) at time steps of the laser internal cavity round trip time xL. To 
evaluate the reflections of the field A+(t-qiext), all previous calculated values of the 
emitted field A+(t) are stored for later use. Langevin noise is added to model 
spontaneous emission noise, as described in the section 3.5.5. Simulation of the noise 
is achieved by random noise events at each iteration step. The values of the laser 
parameters used in the model are given in table 2.1. A more detailed description of the 
numerical solution of the iterative travelling wave model for a semiconductor laser 
subject to strong optical feedback is given in appendix 4. The model is used in chapter 
4 to investigate the properties of external cavity laser diodes.
3.8 Frequency Modulated External Cavity Diode Laser.
As noted earlier in this chapter, an advantage of operating a semiconductor laser in an 
external cavity configuration is that optical elements can be placed within the lasing 
cavity. One example is the implementation of an external cavity frequency modulated 
(FM) laser diode [54-56]. An FM laser has a constant output power but has a 
sinusoidally sweeping emission frequency. An external cavity FM laser is shown in fig. 
3.8. In this case, a phase modulator is placed between the laser and the external 
mirror. The phase modulator is controlled with an RF signal which induces a 
frequency modulation of the laser light output. In the time domain the laser appears to 
be sweeping its emission frequency backwards and forwards at the frequency of the 
RF signal. The maximum frequency displacement from the mean can, however, be 
much larger than the RF frequency [54].
n n Phase Modulator
Laser External Cavity Mirror
Fig. 3.8: An External Cavity Frequency Modulated (FM) Laser Diode.
The instantaneous phase of the FM laser output is given by
<t>M =  ° V  +  sin(comr), (3.51)
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where com is the RF modulation frequency and is the peak phase deviation 
(modulation index) of the FM output signal. The instantaneous laser emission 
frequency is given in the usual way by
Therefore the laser emission frequency has a maximum displacement of [54], 
which is known as the FM bandwidth. Fig 3.9 shows the emission spectra produced as 
the laser frequency sweeps sinusoidally back and forth. The emission spectra shows 
the typical shape for a sinusoidally swept frequency signal. The amplitudes of the 
individual modes within the spectra are given by Bessel functions [54],
The FM modulation index can be expressed in terms of the modulation index ^  of 
the phase modulator by [54]
In (3.54) cod is the detuning between the RF signal and the longitudinal mode spacing, 
and ^  is the modulation index of the RF signal. The longitudinal mode spacing is 
equal to the inverse of the external cavity round trip delay l/xext* Thus, the FM 
bandwidth can be much larger than the modulation index of the RF signal by a large 





Fig. 3.9: Emission Spectra of an FM Laser.
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FM bandwidth. However if the modulation frequency is equal to the longitudinal 
mode spacing the laser will become FM mode locked [57].
3.9 Iterative Travelling Wave Model for Frequency Modulated 
External Cavity Diode Laser.
To apply the iterative travelling wave model to the investigation of external cavity FM 
lasers the external cavity round trip phase change coxext must be considered. To 
include the RF modulation of the phase, the external cavity round trip phase change is 
modified in the following way,
anext ane„ +Am sin(wmf). (3.55)
where is the modulation index of the RF signal. The external cavity round trip 
phase change has become time dependent due to the phase modulation. This results in 
the effective reflectivity rR(co) (3.4) also becoming time dependent,
o. -J




The iterative equation for the right moving field (3.38) is modified in a similar manner 
to give the following
+ / \ _  1 }^+ja)G„{n(t)-n,h)xL
A \t + T>L) — -T-e 
r,
X
U * ( f ) - ( l - r 22)x
'Z i - V iY e
q=0
-J <F*Zext+ E 
P=1
(3.57)
The second sum in (3.56) and (3.57) accounts for the different modulation induced 
phase changes for each round trip within the external cavity. The iterative equations 
for the carrier density (3.39)-(3.41) are unchanged from those used to describe a 
conventional external cavity laser diode.
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Fig. 3.10: Adaptation of the Iterative Travelling Wave Model for an External Cavity Frequency
Modulated Laser Diode.
Fig. 3.10 represents the modifications to the iterative model for investigations of an 
external cavity FM laser diode. The model is numerically solved in exactly the same 
way as for the conventional external cavity laser. Investigations into the performance 
of external cavity FM laser diodes using this model are described in chapter 4.
3.10 Strong Phase Conjugate Optical Feedback.
A phase conjugate mirror can produce a very high reflectivity [86], possibly greater 
than unity. The iterative travelling wave model is also applicable for strong phase 
conjugate feedback into the laser diode. The conventional rate equations with 
appropriate modifications (see chapter 6) are applicable to weak phase conjugate 
feedback. A particular feature of strong phase conjugate feedback is illustrated in fig. 
3.11. When considering strong optical feedback multiple reflections around the 
external cavity must be taken into account. However, with a phase conjugate mirror 
only the odd number round trip reflections consist of phase conjugate feedback 
(PCFB). The even number round trip reflections consist of conventional optical 
feedback (COF), due to the self-inverse property of the phase conjugation process. 
Therefore, true strong phase conjugate feedback cannot exist alone, and always 
contains an element of conventional mirror feedback within it This is taken into 
account in the modification of the model described in the next section. Strong phase 
conjugate feedback is discussed further in chapter 4. Weak phase conjugate feedback 
is treated further in chapters 6 and 7.
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Fig. 3.11: Strong Phase Conjugate Feedback Consists of Both Phase Conjugate (PCFB) and 
Conventional Mirror (COF) Reflections.
3.11 Adaptation of Model for Strong Phase Conjugate Feedback.
As described in the previous section, strong phase conjugate feedback consists of both 
phase conjugate and conventional reflections. The iterative equation (3.38) must be 
modified accordingly as,
.+ / \ 1 \ Gn (1 +/“ X«( ^ ) x Z.
A +( f + x J  =  —  <?2 x
A+( f ) - ( l - r 22) ^ ( - r 2rp„ ) 2 ,/ t ( r - 2 q i„ )
f, (3.58)
“( i “ ■r22) S  A’{t-(2q + 1)t«J
? = °
+F(t)xL
where A ^ - lq x ^ )  are the conventional reflections and A*{t-{2q-1r\)'iext) are the
phase conjugate reflections. The result is to have two similar summations for both the 
types of optical feedback present in such a system. The numerical solution is exactly 
the same as for strong conventional optical feedback.
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3.12 Conclusion.
An iterative travelling wave model for external cavity laser diodes has been 
developed. The model has been extended to include a time dependent reflectivity as 
encountered in external cavity FM laser diodes. The time dependent reflectivity is due 
to the modulation of the external cavity round trip phase change. The model has also 
been adapted to account for strong phase conjugate feedback which consists of both 
phase conjugate and conventional feedback. The iterative travelling wave model is 
used in chapter 4 to investigate the behaviour of laser diodes subject to strong optical 
feedback, external cavity FM laser diodes, and strong phase conjugate feedback.
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Chapter 4
Intensity Noise and Dynamics of 
External Cavity Laser Diodes.
4.1 Introduction to External Cavity Laser Diodes.
In this chapter the intensity noise and dynamics of external cavity laser diodes are 
investigated. The iterative travelling wave model, developed in chapter 3, for a diode 
laser with strong optical feedback is used to perform investigations into intensity 
noise, resonant modulation, dynamics, and transitions between optical feedback 
regimes. An external cavity laser is shown in fig. 4.1. A mirror is placed in the path of 
the light output of the laser such that much of the light is returned into the laser. The 
light output is obtained through the laser facet rj or through the external mirror if its 
reflectivity is less than 100%. The laser facet r2 may or may not be antireflection (AR) 
coated. Laser diodes in this external cavity configuration are known as External 
Cavity Diode Lasers (ECDL's). Other configurations of external cavity diode lasers 
have been described in chapter 3.
n n
Laser External Cavity
Fig. 4.1: An External Cavity Laser Showing Strong Optical Feedback From a Mirror.
4.2 Introduction to the Behaviour of External Cavity Laser 
Diodes.
As has been described in chapter 3, a typical external cavity laser has a dramatically 
reduced linewidth and a reduced threshold current. The optical feedback properties of 
laser diodes have been classified into five regions of behaviour denoted regimes I - V 
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regimes have been described in more detail in chapter 1. Regimes I - IV encompass 
the low feedback properties of laser diodes, and have been thoroughly investigated. 
The regime denoted IV is the "Coherence Collapse" state of operation at moderate 
feedback levels [3-5]. The present chapter considers regimes IV and V and the 
transitions between them.
The intensity noise of an external cavity laser is considerably different to that of a 
solitary laser. The external cavity causes resonances of the intensity noise at 
frequencies of multiples of l/xext, where xext is the external cavity round trip delay. 
The intensity noise at other frequencies is suppressed. The modulation response of the 
external cavity laser is also enhanced at multiples of l/xext. Thus, the use of external 
cavities allows the resonant modulation of laser diodes [6-13]. The modulation must 
be narrow band due to the l/xext peaks in the modulation response, but can be of 
frequencies much larger than the relaxation oscillation frequency fr of the solitary 










Injection Current I 
Fig. 4.2: The Changing of the Light-Current Characteristic Due to Strong 
Optical Feedback and the Formation of the "Kink".
When a laser with strong optical feedback is operated close to or below the solitary 
laser threshold current the output power evolves into a regime of behaviour known as 
Low Frequency Fluctuations (LFF) [15-28]. The Low Frequency Fluctuations are 
associated with the kink in the Light-Current characteristic as shown in fig. 4.2 
[18,27]. A sudden drop in output intensity occurs followed by a stepwise increase, as 
shown in fig. 4.3, with the steps being of duration xext. The process repeats with 
seemingly random periods t l f f > which typically last fifty to several hundred
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nanoseconds. The average period is known as the laminar length The Low
Frequency Fluctuations are similar to the intensity drop outs seen in a more general 
delayed feedback situation, known as Ikeda rifts [29,30].
T lff
Fig. 4.3: An Example of a Low Frequency Fluctuation (LFF) Showing the Random Period Tlff and 
the Step Duration of the External Cavity Round Trip Delay Text-
Lastly, the external cavity provides an easy way of inserting optical elements into the 
lasing cavity. An external cavity frequency modulated FM laser diode [31-34] can be 
designed in this way, as described in section 3.8. A phase modulator is placed in the 
external cavity and produces a frequency modulation of the laser light The result is a 
sinusoidally varying output frequency but at constant output power.
4.3 Use of the Iterative Travelling Wave Model to Describe 
External Cavity Laser Diodes.
The Investigations into the behaviour of external cavity laser diodes are performed 
using the iterative travelling wave model for strong optical feedback described in 
chapter 3 [15,25,35,36]. The iterative equations (3.38)-(3.41) are given again here for 
completeness,
A*(t+xL) =




dn{t) _ I n(t)
-G „(n (0-no)s(t), (4.3)
dt eV sp
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dt eV dt dt
(4.4)
The iterative model is represented by fig. 4.4. In equations (4.1)-(4.4) A+(t) is the 
right moving electric field and n(t) is the carrier density. All other terms are described 
in chapter 3. The iterative equations are solved at time steps of the laser internal 
cavity round trip time xL. The photon density s(t), output power P0(t), and emission 
frequency G ) ( t )  are calculated as described in chapter 3. A more detailed description of 
the iterative solution of equations (4.1)-(4.4) is given in appendix 4. The values of the 










Fig. 4.4: Representation of the Iterative Travelling Wave Model for an External Cavity Laser.
4.4 Output Power Fluctuations.
The iterative travelling wave model for an external cavity diode laser allows the 
investigation of all five of the optical feedback regimes. Here regimes IV (Coherence 
Collapse) and V (stable external cavity operation) will be investigated. Fig. 4.5 shows 
output power PD(t) time series for different combinations of laser facet reflectivity r2 
and external reflectivity r3. Spontaneous emission noise is included in the simulations. 
The upper left waveform shows that without feedback the laser behaves in a stable 
manner with the intensity noise oscillations being predominantly determined by the 
relaxation oscillation frequency f,.. The top right waveform is for weak feedback 
(within optical feedback regimes I - HI) and shows a slightly enhanced level of noise. 
The middle two waveforms show the coherence collapse operation state (regime IV), 
with very large levels of noise consisting of high power spikes. The top four traces 
could be generated using a weak feedback rate equation model such as is used in 
chapter 2. However, the iterative travelling wave model developed in chapter 3 can
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also investigate strong optical feedback where the laser operates in regime V. Such 
regime V operation is shown in the bottom two traces. The laser is anti-reflection 
(AR) coated. The intensity noise is seen to repeat predominantly at the round trip time 
of the external cavity Text. For a lower laser facet reflectivity the intensity noise 
consists of smaller spikes. Thus, fig. 4.5 shows that the iterative travelling wave 
model is suitable for investigating all five of the optical feedback regimes.
0 1 2 3 4 5 6 7 8 9 1 0
TI C t  (ns)
r,=0.566 iy=0
6.0 i  1--- 1--- 1--- 1---1----1— \---1— I—
0 1 2 3 4 5 6 7 8 9 1 0  
TIC t  (ns)
TIC t  (ns) TIC t  (ns)
I I I I I I I I I I 6.5~| | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 1 0  0 1 2 3 4 5 6 7 8 9 1 0
TIC t  (ns) TIC t (ns)
r2=0.01 iv=0.7
Fig. 4.5: Output Power PD(t) Waveforms for Different Combinations of Laser Facet Reflectivity r2 
and External Reflectivity r3 . The Graphs Show Zero Feedback (top left), Weak Feedback (top right), 
Coherence Collapse (middle), and External Cavity AR-Coated Operation (bottom) (1=21*, Text=2 ns).
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4.5 Intensity Noise.
The Relative Intensity Noise (RIN) of the laser, defined by
(4.5)
is shown in fig. 4.6 for external reflectivities ranging from weak feedback (regimes I- 
IV) to external cavity operation (regime V). The RIN increases in the coherence 
collapse regime as expected [37,38] (approximately between r3=10'3 and r3=0.1), and 
decreases as the laser enters regime V at high levels of feedback [39,40]. Fig. 4.7 
shows the RIN spectra at three different combinations of the laser facet and external 
mirror reflectivities. Without feedback the intensity noise peaks at the relaxation 
oscillation frequency. At weak feedback the noise has peaks at multiples of the inverse 
external cavity round trip delay l / iext but still under an envelope that has a maximum 
at the relaxation frequency For stable external cavity operation with an AR-coated 
laser facet there are many multiples of the inverse cavity round trip delay in the 
intensity noise spectrum.
Fig. 4.6: Relative Intensity Noise (RIN) for Optical Feedback Levels Ranging from Weak Feedback 
Through to Stable External Cavity Operation (1=21^, T2=0.2, Text=0.9 ns).
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Fig. 4.7: RIN Spectra for {a} Low Feedback (r2=0.566, r3=0.001), {b} Strong Feedback Causing 
Coherence Collapse (r2=0.566, r3=0.7), and {c} AR-Coated Operation 02=0.01, r3=0.7). Text=0.9 ns 
for all Three Graphs. The Graphs are Shifted Vertically for Clarity.
4.6 Resonantly Enhanced Modulation.
Fig. 4.7 has shown that the intensity noise spectrum of an external cavity laser 
consists of peaks at multiples of l/xext. This property can be put to use to resonantly 
modulate the laser at microwave frequencies [6-13], for which a relatively short 
external cavity is required. Fig. 4.8 shows the intensity noise spectrum of such a laser 
with a short external cavity. There are strong intensity noise peaks at frequencies of 
many tens of GHz. Therefore, it is expected that the resonances of the external cavity 
can be used to modulate the laser at veiy high frequencies. The modulation response 
under the same operating conditions is shown in fig. 4.9, and also shows resonances at 
multiples of l/xext. Therefore, the laser can be modulated at microwave frequencies, 
providing that the signal is narrow-band, so that the modulation frequency remains 
within the resonance peaks of the external cavity. In such a way it is possible to 
modulate the laser at frequencies far in excess of the relaxation oscillation frequency fr 
[6-13]. Figs. 4.8 and 4.9 should be compared to the corresponding intensity noise 
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Fig. 4.9: Modulation Frequency Response of a Resonantly Enhanced 
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Fig 4.11: Modulation Frequency Response of a Solitary Laser (1=21*, m=0.01).
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4 .7  L o w  F r e q u e n c y  F lu c tu a t io n s .
When the laser with optical feedback is biased close to threshold Low Frequency 
Fluctuations (LFF) occur [15-28]. Strong optical feedback is not required to produce 
Low Frequency Fluctuations. However, the iterative travelling wave model has been 
used due to the speed of the model in calculating the very long timescale dynamics 
required. The same calculations performed using a rate equation model would be 
much more computationally expensive.
The Low Frequency Fluctuations consist of drop-outs of the laser output, followed by 
a stepwise increase, as depicted in fig. 4.3. The steps have a duration of the external 
cavity round trip delay xext and there is a random number of steps in each period. The 
LFF's appear in the kink region of the light-current characteristic of fig. 4.2. A typical 
LFF generated using the iterative model is shown in fig. 4.12, with two periods being 
shown in more detail in fig. 4.13. The stepwise increase in the output power at time 
intervals of xext are clearly seen. The output power for figs 4.12 and 4.13 is averaged 
over 100 iteration steps or 0.9 ns. Without this averaging the steps are difficult to see 
as the actual output consists of intensity spikes as shown in fig. 4.14 [27]. The 
averaging is not required if looking at the carrier density as is shown in fig. 4.15 [15].
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Fig. 4.12: Output Power PQ(t) During Low Frequency Fluctuations Showing Eight LFF Periods. The 
Output is Averaged Using a 0.9 ns Running Average (1=1.011*, T2=0.566, r3=0.1, xext=15 ns).
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Fig. 4.13: Detail of Fig 4.12 Showing a Particular Low Frequency Fluctuation Period Tlff and die 
External Cavity Round Trip Delay Text (1=1.011*, r2=0.566, r3=0.1, Text=15 ns).
2 .5






tr 0 . 5 -
0.0
6 5 0 7 0 0 7 5 0 8 0 0
TIME t (ns)
Fig. 4.14: Detail without Averaging of a Single Period of a Low Frequency Fluctuation Showing that 
the LIT Consists of Many Output Power PD(t) Spikes (1=1.011*, r2=0.566, r3=0.1, Text=15 ns).
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Fig. 4.15: The Corresponding Carrier Density n(t) for Fig. 4.14. No Averaging is Performed 
(1=1.011*, r2=0.566, r3=0.1, t ext=15 ns).
The intensity noise frequencies present during the LFF are shown in fig. 4.16. Three 
frequencies are easily identified. They are the frequency of the LFF itself fLFF’ the 
inverse of the external cavity round trip delay l / i ^ ,  and the laser diode relaxation 
oscillation frequency fr  The LFF peak is broad due to the variation in the number of 
steps present in each LFF period. The intensity noise peaks at multiples of the inverse 
cavity round trip delay are contained within an envelope which has a maximum at the 
relaxation oscillation frequency fr. The relaxation oscillation frequency seen in fig. 
4.16 is fj=480 MHz. This value is close to that of fr=550 MHz calculated at the same 




2 K V 4 V
(4.7)
where sD is the stationary value of the photon density. It can also be seen in fig. 4.16 
that the intensity noise peaks at multiples of the inverse external cavity round trip 
delay split into double peaks due to the presence of the Low Frequency Fluctuations. 
This splitting of the intensity noise peaks has been seen experimentally [15] but no 
clear explanation for this phenomena has yet been given.
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Fig. 4.16: RIN Spectra During Low Frequency Fluctuations Isolating the Three Characteristic 
Frequencies (1=1.011*, r2=0.566, r3=0.1, Text=15 ns).
The emission spectra during each step of the LFF of fig. 4.13 are shown in fig 4.17. 
Step 0 is the step immediately preceding the sudden drop in intensity. It is seen that 
the emission spectrum changes rapidly after the drop-out and slowly returns to its 
former state during the subsequent steps. This process is an indication that jumping 
between external cavity modes is occurring. The LFF has recently been shown to be 
the result of such an external cavity mode jumping [27]. Several external cavity modes 
exist which have slightly different gains. The laser jumps to the adjacent external 
cavity mode, trying to reach the mode of maximum gain, as shown in fig. 4.18. Since 
each mode has a different gain, the output power in each step is different, giving the 
stepwise increase. This process continues, but the laser never reaches the mode of 
maximum gain. An unstable mode is reached and the laser falls back to a low gain 
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Fig. 4.17: Emission Spectra of the Laser During Each Step of the 
Low Frequency Fluctuation (1=1.011*, Text=15 ns, r2=0.566, r3=0.1).
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Fig. 4.18: The Evolution of the Low Frequency Fluctuation Described as a 
Successive External Cavity Mode Jumping.
4.8 Laminar Lengths of Low Frequency Fluctuations.
The average period of the LFF is described as the laminar length Tjjy^AV)- The term 
laminar length is taken from chaos theory where it is used to characterise the 
intermittent appearance of complex dynamics [42]. Fig 4.19. shows a series of 
samples of the LFF period T ^ . The period is seen to be random. A distribution of 
the LFF periods is shown in fig. 4.20, with a steep rise for low periods and a long tail 
at high periods. The type of intermittency can be ascertained by plotting the laminar 
length Tjjy^^v) against the fraction of injection current above the modified laser 
threshold with feedback. A plot such as this is shown in fig. 4.21. and has a slope of 
approximately -1, indicating either type II or type HI intermittency [42].
Fig 4.22 shows that the average laminar length Tj^y^y) is proportional to the 
external cavity round trip delay. Therefore the external cavity round trip time does not 
affect the dynamics of the intermittency process. The dependency of the average 
laminar length T jjy^y) on the external reflectivity is shown in fig. 4.23. The average 
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Fig. 4.19: Samples of the Period T lf f  of the Low Frequency Fluctuations 
(1=1.011*, Text= 6  ns, r2=0.566, r3=0.2).
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Fig. 4.20: Probability Distribution of the Period T lf f  of the 
Low Frequency Fluctuations (1=1.011*, Text= 6  ns, r2=0.566, r3=0.2).
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Fig. 4.21: Dependency of the Average Laminar Length Tlam(AV) of the Low Frequency Fluctuations 
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Fig. 4.22: Dependency of the Average Laminar Length Tlam(AV) o f the Low Frequency Fluctuations 
with External Cavity Round Trip Delay Text 02=0.566, r3=0.2,1=1.011*).
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Fig. 4.23: Dependency of Average Laminar Length Tlam(Av) of the Low Frequency Fluctuations 
with External Reflectivity (Text=6 ns, r2=0.566,1=1.011*).
4.9 Experimental Investigations into Low Frequency 
Fluctuations.
Experimental measurements on the laminar length of the LFF's have been performed 
[43,44]. The experimental apparatus is shown in fig 4.24. The laser diode used was a 
Toshiba TOLD 9140. The laser diode was coupled to a Barium Titanate (BaTi03) 
crystal, producing a photorefractive phase conjugate mirror [45]. Investigations have 
shown that all the LFF phenomena seen in the experiments also occur for 
conventional optical feedback. Therefore, the LFF experimental results are compared 
to the numerical results produced using conventional optical feedback in the previous 
section. The experimental apparatus allowed the use of external reflectivities of 
between 15% and 40%. The external cavity length was 80 cm giving an external 
cavity round trip delay of 5.3 ns.
A typical experimentally observed LFF is shown in fig. 4.25. The experimental LFF 
period Tlpp probability distribution is shown in fig. 4.26. The distribution has a long 
tail at high periods, as found with numerical investigations using the iterative 
travelling wave model in section 4.9. The experimentally observed average laminar 
length T jjy^ y) is plotted against injection current in fig. 4.27. The slope of the
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graph is again approximately -1, confirming the deduction in section 4.8 that the LFF 
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Fig. 4.25: Experimental Observation of Low Frequency Fluctuations (P0=4.5 mW, Text=5.3 ns).
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Fig. 4.26: Experimental Probability Distribution of the Period Tlff of the Low Frequency
Fluctuations 03=0.15, Text=5.3 ns).
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Fig. 4.27: Experimental Dependency o f the Average Laminar Length Tlam^ v) of the Low 
Frequency Fluctuations with Injection Current I (r3=0.15, Text=5.3 ns).
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4.10 Dynamics and Bifurcation Diagrams.
Bifurcation diagrams have been used to investigate the behaviour of the laser diode as 
the optical feedback is increased [3] from zero. The iterate travelling wave model has 
been used here to calculate bifurcation diagrams for decreasing [25,26] levels of 
strong optical feedback starting from the stable external cavity operation regime. Each 
time the output power Pc(t) crosses its steady state value, the carrier density n(t) is 
recorded as a normalised value given by
—— l-» n , (4.6)
where n^ r is the threshold carrier density with feedback. The number of different 
values of this normalised carrier density indicates the number of frequency 
components present in the laser output intensity fluctuations. Fig. 4.28 shows a 
bifurcation diagram of the normalised carrier density for increasing levels of 
reflectivity of the laser facet r2. The external mirror reflectivity r3 is fixed at a high 
value of 0.7. The left of the diagram corresponds to stable external cavity operation 
(regime V) with an anti-reflection (AR) coated laser diode and the right of the 
diagram corresponds to the noisy coherence collapse regime (regime IV) with an 
uncoated laser diode. The sudden increase in the width of the bifurcation diagram 
shows the point at which the laser facet reflectivity is too large to prevent the laser 
from entering the noisy coherence collapse regime [22,46]. For r2 in the range 0.01- 
0.2, the laser output tends to repeat at a frequency 1/x^ [47,48] determined by the 
external cavity round trip delay. The output power waveform PD(t), as seen in fig. 4.5, 
is quite complicated in contrast to the simple periodic oscillation at the relaxation 
frequency obtained with weak optical feedback. The laser output is also seen to repeat 
on timescales of xext in an experimental trace of fig. 4.29 [43]. The experimental 
apparatus was the same as described in section 4.9. Also in contrast with the weak 
feedback regime, no bifurcation sequence is found in the present case. Fig. 4.30 shows 
the bifurcation diagram of the normalised carrier density for decreasing levels of the 
external mirror reflectivity r3 for a constant AR-coated laser facet reflectivity r2. The 
diagram shows the level of external feedback required to prevent noisy laser output, 
which has been previously identified as the transition into coherence collapse [46].
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Fig. 4.28: Bifurcation Diagram for Normalised Carrier Density n A i^ -l for Increasing Laser Facet 
Reflectivity 12  in the Strong Feedback Operating Regime (1=21^, r3=0.7, t ext=2 ns).
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Fig. 4.29: Experimental Observation of the Output o f an External Cavity Laser Diode 
Repeating at the External Cavity Round Trip Delay (P0= l mW, Text=5.3 ns).
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Fig. 4.30: Bifurcation Diagram for Normalised Carrier Density n A i^ -l for Increasing Levels of 
Strong Optical Feedback (1= 21* , r2=0.01, Text= 2  ns).
4.11 External Cavity Frequency Modulated FM Laser Diodes.
The model developed for external cavity frequency modulated (FM) diode lasers in 
section 3.9 is used in the present section. The right moving field A+(t) is given by 
(3.57), with the carrier iterative equations remaining as for the conventional external 
cavity diode laser model. The emission frequency of the external cavity FM laser 
calculated using the iterative travelling wave model is shown in fig. 4.31, showing the 
sinusoidal oscillation due to the RF phase modulation within the external cavity. 
However, the sinusoidal oscillation of the emission frequency is contained within an 
envelope of the detuning frequency fm-l/xext’ ^  shown in fig. 4.32, which should not 
be present. The output power is constant as expected. The sinusoidal modulation of 
the emission frequency that should be seen results in a characteristic emission spectra 
with the form of fig. 3.9. The envelope seen with the output of the external cavity FM 
laser diode model destroys this characteristic emission spectra giving a central peak at 
the steady state laser frequency. The envelope of the detuning frequency is not seen in 
practice [31-34] for FM lasers and so it is concluded that further development of the 
external cavity FM diode laser model is required.
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Fig. 4.31: Emission Frequency Output From the External Cavity Frequency Modulated (FM) Diode 
Laser Model (fm- l / t cxt=10 MHz, r3=0.7, r2=0.1, Am=0.1 rad).
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Fig. 4.32: A Longer Time Trace of Fig. 4.31 Showing the Unexpected Modulation of the Emission 
Frequency at a Frequency of the Detuning (fm-l/Text=10 MHz, r3=0.7, r2=0.1, Am=0.1 rad).
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4.12 Experimental Investigations into External Cavity Frequency 
Modulated FM Laser Diodes.
Experimental measurements on the external cavity frequency modulated FM laser 
diode have been performed [32,34]. The experimental apparatus is shown in fig. 4.33. 
The laser diode was an STC Defence Systems STC LT50-03U and had a front facet 
reflectivity of approximately 4 % (r2=0.2). The external cavity is formed by a mirror 
with 96.5 % (r3=0.982) reflectivity. The external cavity length is 32 cm giving a 
longitudinal mode spacing l/xext of 472 MHz. A Lithium Niobate (LiNb03) crystal is 
used to implement the external cavity phase modulation. The crystal is coupled to an 
inductor to make the resonance of the circuit close to the longitudinal mode spacing. 
RF powers of up to 0.5 W were applied to the phase modulator. The output of the 
laser was observed using a CCD camera, a variable Fabiy-Perot interferometer to 
measure the optical frequency spectrum, a RF spectrum analyser to measure the 

















Fig. 4.33: Experimental Apparatus for the Investigation of External Cavity 
Frequency Modulated (FM) Laser Diodes.
The emission spectra for a single pass phase modulation 6 ^  of 0.5 rad is shown in fig. 
4.34 for decreasing detuning of the RF modulation from the longitudinal mode 
spacing l/xext. The characteristic emission spectrum for an FM laser is seen. The
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appropriate Bessel function sidebands are drawn next to the emission spectra. If the 
single pass phase modulation is further increased the laser eventually moves into a 
regime in which there is a very broad linewidth emission [32]. This could be 
considered to be modulation induced coherence collapse. This transition into 
coherence collapse has not been investigated using the iterative travelling wave model 
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Fig. 4.34: Emission Frequency of External Cavity Frequency Modulated (FM) Laser Diode. The 
detuning fm-l/Text is respectively {a} 18.4, {b} 9.4, {c} 6.4, {d} 3.4, {e} 2.4 MHz 
(Am=0.5 rad, R2=4 % {r2=0.2}, ReXt=96.5 % {r3=0.982}). Graphs on the Right are the 
Corresponding Bessel Function Spectra.
4.13 Conclusion.
In summary, the iterative travelling wave model for a laser diode subject to strong 
optical feedback, developed in chapter 3, has been used to investigate strong optical 
feedback into laser diodes. The dynamics and intensity noise characteristics of the 
transition from stable external cavity operation to the coherence collapse regime have 
been investigated. It has been found that the model is suitable for all five of the 
regimes used to describe optical feedback behaviour. Large amounts of intensity noise 
is predicted in the coherence collapse regime under moderate optical feedback, and
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low levels of intensity noise in the stable external cavity operation for strong optical 
feedback conditions. Bifurcation diagrams indicate the laser facet reflectivity required 
to prevent coherence collapse for a fixed level of strong feedback. Resonant 
modulation at microwave frequencies has also been demonstrated. Low Frequency 
Fluctuations (LFF) are exhibited by the model. The results have identified that the 
LFF is an intermittency phenomena and that it is of type II or type III. Experimental 
work confirms this deduction. The laminar length of the LFFs increases with external 
reflectivity, and decreases with increasing current. An adaptation of the model has 
been applied to the case of an external cavity frequency modulated laser diode. 
Experiments indicate that at a critical level of single pass phase modulation the FM 
laser moves into the coherence collapse regime. It has not been possible to investigate 
this modulation induced coherence collapse with the model because the instantaneous 
emission frequency is modulated by the detuning frequency, something which does 
not occur in the experiments.
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5.1 The Structure and Facet Reflectivity of VCSEL's.
A Vertical Cavity Surface Emitting Laser (VCSEL) has a structure that is radically 
different from conventional edge emitting lasers, as shown in fig. 5.1 [1]. In an edge 
emitting laser the light output is emitted through a cleaved facet on the edge of the 
laser chip, with the lasing cavity being located horizontally in the plane of the growth 
layers. In contrast, a VCSEL has its lasing cavity located on a vertical axis, 
perpendicular to the growth layers. The mirrors in a VCSEL are implemented on the 
laser chip by growing many alternating layers of two materials with different refractive 
indices. The combined reflections from the interfaces of the layers gives the required 
facet reflectivity. VCSEL's are usually circular in cross section. The lateral 
confinement of the carriers is provided by fabricating the laser as an air post, giving 
the VCSEL a cylindrical geometry. The lasing cavity of VCSEL’s is much shorter than 
edge emitting lasers, with the aim of achieving a single longitudinal mode output. 
However, the large area of the active region often results in high order transverse 
modes being present. Due to the short cavity length, the light encounters less gain in a 
single round trip of the cavity in VCSEL's than in edge emitting lasers. As a result a 
very high facet reflectivity is required to prevent excessive loss of light and to keep 
the threshold current low. Despite the high facet reflectivity (typically 99%) the 
photon lifetime of VCSEL's is very similar to that of edge emitting lasers. The high 
facet reflectivity is balanced out by the short cavity length. This can be confirmed by 
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where jig is the group refractive index, c is the speed of light, is the laser internal 
losses, R2 is the facet reflectivity and i  is the laser cavity length. The high facet 
reflectivity requires many layers to be grown in the mirror stacks. The number of 
layers in the stacks is usually greater than twenty. Electrical contact is made via a 
circular contact on the top mirror stack and the substrate below the bottom stack. 
Light output can be arranged to be through the top or bottom stack.
Highly Reflecting 
Mirror Stacks




5.2 Optical Feedback into VCSEL's.
Only a small proportion of any feedback from the external reflection re-enters the 
VCSEL due to its extremely high facet reflectivity. Thus, it might be thought that this 
would give VCSEL’s a very good immunity to optical feedback. However, it has been 
found both experimentally [2-7] and numerically [7] that VCSEL's have a similar 
sensitivity to optical feedback as that of conventional edge emitting lasers. This 
similarity in feedback sensitivity is linked to the similar photon lifetimes in the two 
types of devices. The feedback rate into the laser is given as k ^ /iL  with kext being 
given by
( 5 2 )
where Rext is the external reflectivity, and T| is the coupling between the external 
mirror and the laser. The value of kext/xL is the same for VCSEL's and for edge 
emitting lasers [6]. Any benefit gained from the high facet reflectivity of VCSEL's is 
effectively cancelled by the small cavity round trip time. The amount of external light
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injection per round trip of the internal laser cavity is the same for both types of lasers, 
hence the similar feedback sensitivities.
The high facet reflectivity of VCSEL's precludes their use in an external cavity laser 
configuration. To operate as an external cavity laser the external mirror must 
dominate over the laser facet reflectivity, which is not possible in the case of a 
VCSEL. Conventional edge emitting lasers can be configured into an external cavity 
structure by anti-reflection (AR) coating the front facet. However, by partially 
reducing the reflectivity of one of the facets, VCSEL's have been made to operate as 
an external cavity laser [8-10]. The external cavity is short and has been added to give 
single transverse mode operation [8,9] and to provide tuning of the lasing wavelength
The rate equations used to model optical feedback are the same as those used in 
chapter 2 for conventional edge emitting lasers [7,11-14]. They are given below for 
clarity.
[10].
5.3 Modelling Optical Feedback into VCSEL's.
(5.3)
(5.4)




e(t) = ct>(f)- <t>(f-TeJ  + (i>,h1exl. (5.6)
The values and descriptions of the VCSEL parameters used in (5.3)-(5.6) are given in 
table 5.1. The parameters should be compared to those for an edge emitting laser in 
table 2.1. The numerical solution of the rate equations with optical feedback (5.3)-
Chapter 5: The Effect o f  Optical Feedback on Vertical Cavity Surface Emitting Lasers.
(5.6) is described in chapter 2 and in appendix 3. Langevin noise sources (see 
appendix 2) [12,15] are added to model spontaneous emission noise,
r. t.\ 2s(‘i ) M 0 r  , j
Fn W  =  - J    X s +  I — Xn, (5.7)xspAt V -tArV
(5‘9)9 i(/)v 2xvA/ 9
where s(tj) is the photon density at the start of the time interval At, n(tj) is the carrier 
density at the start of the interval At, V is the active region volume, and xn, xs, x<]> are 
gaussian distributed random variables with zero mean and unity variance.
Symbol Description Value
d Active Region Diameter 4 Jim
i Active Region Length 5 pm
V Active Region Volume 1.3x l0'16m3
Tsp Carrier Lifetime 2 ns
Gn Gain Slope 2.125xl0'12 m3s_1
Threshold Carrier Density 9.9xl023m-3
8 Saturation Parameter 3xl0-23 m3
7 Spontaneous Emission Factor 10-5
r Confinement Factor 0.4
Tph Photon Lifetime 2.7 ps
a Linewidth Broadening Factor 5.5
Ho Transparency Carrier Density 4xl023 m~3
r 2 Laser Facet Reflectivity 0.99
T] Laser to Fibre Coupling Efficiency 0.4
^L Laser Cavity Round Trip Delay 0.15 ps
Tlq Quantum Efficiency 0.4
Table 5.1: Laser Parameters for Vertical Cavity Surface Emitting Lasers.
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5.4 Relative Intensity Noise.
A simple way of investigating the feedback sensitivity of VCSEL's is to calculate the 
Relative Intensity Noise (RIN)
as the optical feedback increases. The Relative Intensity Noise can then be compared 
to that of edge emitting lasers for the same levels of optical feedback. The Relative 
Intensity Noise of VCSEL's due to optical feedback will also give an indication as to 
their performance in optical communication systems. Conventional edge emitting 
lasers exhibit a sudden increase in intensity noise when the level of optical feedback 
reaches a level sufficient to force the laser to operate in the coherence collapse regime 
[15-18] (regime IV). Fig. 5.2 shows the increase in RIN of a VCSEL as the level of 
external reflectivity Rext is increased. The RIN is shown for several facet reflectivities 
R2. It is seen that the onset of coherence collapse is dependent on the facet reflectivity 
R2. Fig. 5.3 shows the RIN increase for increasing optical feedback into a 
conventional edge emitting laser.
Fig. 5.2: The Relative Intensity Noise (RIN) Dependence for Increasing External Reflectivity R ^  
at Different Levels of the VCSEL Facet Reflectivity R2 (Text=2 ns, 1=21*).
(5.10)
0 -
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By comparing figs. 5.2 and 5.3 it is seen that for a typical value of the VCSEL facet 
reflectivity (R2=0.99) the transition into a very noisy operation state takes place at 
approximately the same level of optical feedback as for conventional edge emitting 
lasers. This can be explained by the similar values of the feedback rate kext/xL for both 
types of lasers. Only for very high levels of facet reflectivity R2=0.999 does the 
VCSEL have a better immunity to feedback than the edge emitting laser. In this case 
the photon lifetime has increased significantly to almost 4 ps.
The dependence of the RIN on the VCSEL facet transmissivity T2 is shown for fixed 
levels of external reflectivity in fig. 5.4. If we consider that an external reflectivity of 
Rext=0.01 is the maximum accidental feedback expected to be encountered in an 
optical communication system, then the facet reflectivity needs to be greater than 
0.995 to prevent significant increase of the RIN from the solitary VCSEL value.
0 -




Fig. 5.3: The Relative Intensity Noise (RIN) Dependence for Increasing External Reflectivity ReXt of 
a Conventional Edge Emitting Laser (R2=0.566, Text=2 ns, 1=21^).
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Fig. 5.4: The Relative Intensity Noise (RIN) Dependence on the VCSEL Facet Reflectivity R2  for 
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Fig. 5.5: The Turn-on Delay Jitter O j Dependence on the VCSEL Facet Reflectivity R2 for Different
Levels of External Reflectivity R^xt (text=2 ns, 1=21*).
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5.5 Turn-on Delay Jitter.
The performance of a laser in an optical communication system with optical feedback 
can be evaluated using the turn-on delay jitter (see chapter 2) [19-22]. The 
dependence of the tum-on delay jitter aT on the VCSEL facet transmissivity T2 is 
shown for fixed levels of external reflectivity in fig. 5.4. If we consider that an 
external reflectivity of RgXt=0.01 is the maximum accidental feedback expected to be 
encountered in an optical feedback system, then the facet reflectivity needs to be 
greater than 0.995 to prevent significant increase of the of the jitter from the solitary 
VCSEL value. This agrees with the deduction from the intensity noise analysis of 
section 5.4.
5.6 Bifurcation Diagrams and Sensitivity to Feedback.
Bifurcation diagrams are a useful tool for indicating the feedback behaviour of lasers 
with increasing feedback [23-25]. A time series of the output power PD(t) is 
generated. Each time the output power crosses its steady state value without 
feedback, the carrier density n(t) is recorded. A single value of the carrier density 
indicates a single frequency oscillation in the laser output, no crossings of the steady 
state value indicates a stable output, and many values of the carrier density indicate 
chaotic behaviour. Figs. 5.6 to 5.8 show the bifurcation diagrams of the normalised 
carrier density n/n^-1 for increasing feedback into VCSEL's for three different levels 
of facet reflectivity R2. Comparison should be made with the bifurcation diagram of 
the normalised carrier density for increasing reflectivity into a conventional edge 
emitting laser shown in fig. 5.9. As noted in section 5.4, the feedback sensitivity is 
dependent on the facet reflectivity of the VCSEL. For typical values of the VCSEL 
facet reflectivity the feedback sensitivity is similar to conventional edge emitting 
lasers. This is seen in figs. 5.6 and 5.7, in which the transition to chaos occurs at 
approximately the same level of feedback as for the edge emitting laser of fig. 5.9. 
Only for extremely high facet reflectivity does the VCSEL have a greater feedback 
immunity than conventional edge emitting lasers. For the extremely high facet 
reflectivity of R2=0.999 of fig. 5.7 it has not been possible to drive the VCSEL into 
coherence collapse.
The critical external reflectivity to force the laser into the coherence collapse regime 
in which the intensity noise increases has been calculated for semiconductor lasers 
[26-32]. A simple expression for the critical feedback strength kcrit is given in [26] as
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kcrit ~ T'L
>/2cor
V l  +  a 2
(5.11)
where is the relaxation oscillation frequency given by [12]
O), = S G  1
Ph




The critical reflectivity Rcrit is evaluated using
- =
(5.13)
More complicated forms for Rcrit for DFB laser diodes are given in [29-31]. The value 
of the critical reflectivity is evaluated as Rcrit=4 % for both the VCSEL and the edge 
emitting laser. This value of the critical reflectivity to cause coherence collapse should 
be compared to figs. 5.7 and 5.9. It is difficult to decide from the bifurcation diagrams 
when coherence collapse begins because of the many windows of periodic output 
within the chaotic behaviour. However, the final transition to chaos occurs at 
approximately the same value as is calculated from equations (5.11)-(5.13).
0.15-
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Fig 5.6: Bifurcation Diagram of Normalised Carrier Density for Increasing Levels of Optical 
Feedback into a VCSEL (R2=0.98, Text=0.23 ns, 1=21*).
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Fig. 5.7: Bifurcation Diagram of Normalised Carrier Density for Increasing Levels of Optical 
Feedback into a VCSEL (R2=0.99, Text=0.23 ns, 1=21*).
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Fig 5.8: Bifurcation Diagram of Normalised Carrier Density for Increasing Levels of Optical 
Feedback into a VCSEL (R2=0.999, Text=0.23 ns, 1=21*).
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Fig 5.9: Bifurcation Diagram of Normalised Carrier Density for Increasing Levels of Optical 
Feedback into a Conventional Edge Emitting Laser (R2=0.566, Text=0.23 ns, 1=21*).
5.7 Conclusion.
The feedback sensitivity of VCSEL's has been compared to that of edge emitting 
lasers. This has been achieved by investigating the Relative Intensity Noise as the 
feedback level is increased, and also by calculating bifurcation diagrams. The feedback 
sensitivity of VCSEL's is comparable to edge emitting lasers for typical values of the 
VCSEL facet reflectivity. Only for very high facet reflectivity are VCSEL's less 
sensitive to feedback than edge emitting lasers. The similarity in the feedback 
sensitivity of the two types of lasers can be attributed to their similar photon lifetimes 
despite their very different structures. The comparable photon lifetimes and feedback 
sensitivity results from the high facet reflectivity of VCSEL's being cancelled out by 
their short cavity length.
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Intensity Noise and Linewidth 
Characteristics of Laser Diodes with 
Phase Conjugate Optical Feedback.
6.1 Introduction to Phase Conjugate Feedback.
The use of phase conjugate feedback with semiconductor lasers has attracted attention 
recently [1-22]. Phase conjugate mirrors have the property of reversing the phase of 
the light incident upon them so that the reflected beam is the conjugate of the incident 
beam [23]. If an incident beam Ei is written as a wave moving in the positive z 
direction,
(6.1)
then the phase conjugate wave will take the form
Ec = E' = Aem ~v)eM. (6.2)
The conjugated wave Ec contains the complex conjugate of only the spatial 
dependence, leaving the temporal dependence unchanged. The conjugate signal then 
corresponds to a wave moving in the opposite direction to the incident wave with its 
phase reversed. Alternatively conjugation is equivalent to leaving the spatial part of 
the incident wave unchanged and reversing the sign of t, hence the process can be 
considered to produce the "time reversal" of the incident beam. This chapter 
investigates the effect of phase conjugate feedback on the properties of semiconductor 
lasers, giving emphasis to the intensity noise and linewidth of the device. Deductions 
are made about which of the conventional mirror feedback regimes (described in 
chapter 1) are applicable to phase conjugate feedback.
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Theoretical work has investigated the noise and dynamic properties of semiconductor 
lasers with phase conjugate feedback [1-6], showing that the laser properties are 
different to those with conventional mirror optical feedback. Linewidth properties 
have also been investigated [6,7]. The intensity noise in a gas laser has been 
significantly reduced using phase conjugate feedback [8]. In semiconductor lasers 
phase conjugate feedback has been used to narrow the laser linewidth [9-11]. Phase 
conjugate mirrors (PCM) have also attracted attention as a means of coupling the 






Fig. 6.1: Phase Conjugation Implemented by the Four Wave Mixing (FWM) Process.
Phase conjugate mirrors used to provide optical feedback into semiconductor lasers 
have been implemented in two ways. Both methods use the process of multiwave 
mixing [23] to generate the phase conjugate reflection. The first method is to use a 
non-linear crystal (usually Barium Titanate, BaTi03) [9,11-15] to generate the 
reflected phase conjugate beam. The second is to perform the phase conjugation 
process within another semiconductor laser [10,11]. The phase conjugate beam is 
generated by the Four-Wave-Mixing (FWM) process [23], illustrated in fig. 6.1. In 
this process two pump beams C0p and a signal beam 0^  interact to produce a phase 
conjugate beam coc. The interaction is through the third order susceptibility (non­
linear polarisation). The phase conjugation process can be thought of as the formation 
of gratings within the material. The material is described as Kerr-like because the 
refractive index is dependent on the light intensity. Thus the process is called Kerr-like 
Four-Wave-Mixing. The interference pattern formed between the signal and pump 
beam causes a grating in the refractive index, off which the other pump beam scatters 
to form the phase conjugate beam. This occurs for both pump beams. The Four- 
Wave-Mixing process is defined as Degenerate Four-Wave-Mixing (DFWM) if the 
frequency of the incident and pump beams are the same, resulting in a reflected phase 
conjugate beam of the same frequency as the incident beam, i.e. coc=coi=cop. If the
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frequency of the incident beam cOj differs from the pump beam frequency cop then the 
reflected phase conjugate beam will be of a frequency ooc where a3c-0)p=Aco=cop-a)i. 
This is known as Non-Degenerate Four-Wave-Mixing (NDFWM).
6.2 Fundamental Differences Between Phase Conjugate 
Feedback and Conventional Optical Feedback.
Conventional mirror feedback, even at very low levels, can significantly affect the 
performance of semiconductor lasers [27-34]. Chapter 2 has already shown how 
unwanted optical feedback from components in an optical communication system can 
degrade the laser performance by increasing the intensity noise and turn-on delay 
jitter. Dramatic changes in the noise characteristics of semiconductor lasers occur 
under the influence of optical feedback. Unwanted optical feedback, such as may 
occur from components in optical communications systems, can increase the intensity 
noise [27,28], resulting in higher error rates. Five distinct regimes, denoted I-V, of the 
operating characteristics of semiconductor lasers with conventional optical feedback 
have been identified and investigated [29,30]. These optical feedback regimes are 
described in chapter 1. Factors influencing the laser with optical feedback are the 
external cavity round trip delay xcxt, the external reflectivity R ^, and the external 
cavity round trip phase change ©thX .^ With phase conjugate feedback the external 
cavity round trip phase change is absent See section 6.3 for a full explanation of the 
external cavity round trip phase change with phase conjugate and conventional mirror 
optical feedback.
Conventional mirrors are restricted to reflectivities of 100%. In phase conjugate 
mirrors the pump beam (or beams) provide an energy source for the reflected phase 
conjugate beam. Therefore it is possible to get a very large reflectivity far greater than 
100%. This has been shown theoretically [35-37], and demonstrated experimentally 
[38-43].
Another difference between phase conjugate and conventional mirror optical feedback 
lies in the coupling between the laser and the external mirror. Fig. 6.2 shows a 
diverging beam (as from a laser) reflecting off both types of mirrors. For a 
conventional mirror the diverging beam continues to diverge after reflection. With a 
phase conjugate mirror, however, each ray within the beam retraces the path it took to 
arrive at the mirror. This results in a diverging beam being transformed into a 
converging beam. Thus all of the light that leaves the laser and strikes the phase
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conjugate mirror will be returned exactly on its incident path, resulting in a 100% 
coupling efficiency. Also the orientation of a conventional mirror needs to be 
perpendicular to the light to reflect the light back into the laser, whereas the 
orientation of the phase conjugate mirror is unimportant. As a consequence of this 
property the difficulties which occur when trying to align a laser and conventional 
mirror so the reflection passes back into the laser are overcome with a phase 
conjugate mirror.
6.3 Zero External Cavity Round Trip Phase Change.
Due to the phase reversal process, the external cavity round trip phase change when a 
phase conjugate mirror is used to provide optical feedback into a laser is zero [1]. 
Thus it is to be expected that a semiconductor laser with phase conjugate feedback 
will behave differently to that with conventional mirror feedback. This difference is 
illustrated in figs. 6.3 and 6.4. Fig. 6.3 shows that with a conventional mirror the 
feedback signal has undergone a phase change of (O^ext after one round trip of the 
external cavity, whereas fig. 6.4 shows that there is zero phase change around the 
external cavity with a phase conjugate mirror. The phase change due to the outward 






Fig. 6.2: Comparison of How Light Diverges from Conventional Mirrors 
but Retraces its Original Path from Phase Conjugate Mirrors.
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Fig. 6.3: External Cavity Round Trip Phase Change for Conventional Optical Feedback.
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Fig. 6.4: Explanation of Zero Round External Cavity Trip Phase Change for Phase Conjugate Optical
Feedback.
6.4 Numerical Model of Phase Conjugate Optical Feedback.
The laser model used in this investigation is similar to that used in chapter 2 to 
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Fig. 6.5: Schematic Diagram of the Laser with Optical Feedback from a 
Phase Conjugate Mirror (PCM).
The rate equations are single-mode and include optical feedback terms. The field rate 
equation for conventional optical feedback (2.1) is modified to contain phase 
conjugate optical feedback terms [1-4],
dE(t)
dt 2 1 V
E(t)
(6.3)
and must be manipulated into rate equations for photon density and phase in order for 
ease of numerical solution. This process is similar to that followed in chapter 2 for 
conventional optical feedback. Note the absence of a phase term for the reflected 
phase conjugate field. In (6.3) E(t) is the field and E*(t-Xext) is the reflected phase
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conjugate field. All other parameters in (6.3) are described in chapter 2. The feedback 
strength is calculated from
where R2 is the laser facet reflectivity, Rp^ is the phase conjugate mirror reflectivity 
and T| is the laser to phase conjugate mirror coupling efficiency. The method for 
finding the photon density s(t) and electric field phase <|>(t) rate equations follows the 
same steps as in chapter 2 for the laser rate equations with conventional optical 
feedback.






The photon rate equation is calculated as in chapter 2 (2.5) using
(6.7)
Inserting (6.3) into (6.7) gives
(6.8)
Using (6.5) and (6.6) in (6.8) gives
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which can be further simplified as in chapter 2 using (2.8), resulting in the rate 
equation for the photon density in the presence of phase conjugate optical feedback.
M 0 = _ iW +5(t)G.(„ w _„o)
'tph
f  + <l>(* -  O )
(6.10)
The electric field phase rate equation is calculated using the following relationship
dtyjt)
dt s(t) 1 dt j
(6.11)
Inserting (6.3) into (6.11) gives
dt s(t)
Im<
+ - ^ - E ' ( t ) E ' ( t - z J
I t
. (6.12)




X co -co ,J + i|G „ (n (r )-n J --^ -
2 1 V
kpan \ Si ~^' e^xt)
^ S(t)
(6.13)
Taking the imaginary part (as in chapter 2 (2.13)) of the exponential term in (6.13) 
gives
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From appendix 1 it is seen that in the absence of optical feedback [27]
(0-(0th =jCcG„(n(t)-nth). (6.15)
Substituting (6.15) for co-co^  in (6.14) results in the final rate equation for the phase 
of the electric field in the presence of phase conjugate feedback
~ j ~  = T a g «(n(0 -n ,) ,) -  sin(<t>(f)+<t>(*-T,g,)). (6-16)at 2 zL Js(t)
To complete the model a confinement factor T, gain saturation e and spontaneous 
emission are included as in chapter 2, giving the final rate equation for a 
semiconductor laser with weak phase conjugate optical feedback. A carrier rate 
equation is added and is unchanged from that of a solitary laser described in appendix
1. The rate equations are single-mode and include Langevin noise terms (see appendix 
2) as follows:
+ — cos(e(r))+ Fs(t)
X
(6.18)
^ = §  G. ("M -  n . }r  -  s i n ( e ( t ) ) + w  • (6-19)
where
eW=<l)W+4.( f - t c:0). (6.20)
The values of the laser diode parameters used in (6.17)-(6.20) are given in table 2.1.
Equation (6.20) for 0(t) should be contrasted with that for conventional optical 
feedback (2.22), i.e.
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6 (f)  =  <t>(f) -  <t>(f -* e x t )  + ® l / .W (6.21)
The significant difference between the two types of feedback is the term cothxext in 
(6.21). This is the external cavity round trip phase change. Fig. 6.4 shows why GO^ T^ t 
does not appear in the model for phase conjugate feedback [1]. The nature of the 
phase conjugate mirror is to reverse the phase of the incident light as it is reflected. 
Hence any phase shift acquired by the light due to the outward path length is exactly 
cancelled by the phase shift acquired during the return path length. Therefore the 
dependence of the laser characteristics on the external cavity round trip phase change 
is eliminated. The phase conjugate feedback is, however, still retarded by the external 
cavity round trip delay, plus any delay or response time due to the phase conjugate 
mirror itself (see chapter 7).
If non-degenerate four-wave-mixing (NDFWM) is used to generate the phase 
conjugate reflection then 0(t) has an additional term containing the detuning, Ago, 
between the pump and signal beams [3],
where Ago is the detuning between the incident beam (laser output) and pump beams. 
The detuning of the phase conjugate beam from the pump beams takes the same 
value, i.e.
The detuning term Aco arises due to the mismatch between the laser frequency and the 
phase conjugate mirror pump beam frequency. The total frequency change between 
the incident beam and the phase conjugate beam is 2Ago as in (6.22). The time delay of 
half the external cavity round trip time xext/2 is due to the frequency change occurring 
when the light has passed half way around the external cavity path back to the laser 
(i.e. at the phase conjugate mirror).
The Langevin noise terms used in the rate equations (6.17)-(6.20), are described in 
appendix 2. The are written below for completeness:
(6.22)
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where s(tj) is the photon density at the start of the interval At, n(q) is the carrier 
density at the start of the interval At, and xn, xs, are gaussian distributed random 
variables with zero mean and unity variance. The Langevin noise in the photon and 
electric field phase rate equations is due to the random nature of the spontaneous 
emission process. The Langevin noise in the carrier rate equation is due to the shot 
noise nature of the injection current and spontaneous and stimulated recombination.
The rate equations with phase conjugate feedback (6.17)-(6.20) and Langevin noise 
terms (6.24)-(6.26) are solved numerically using a variable-step, variable-order 
Runge-Kutta algorithm, as described in chapter 2 and appendix 3. Interest in this 
chapter is restricted to the static properties of the system where the injection current is 
held constant, particularly the intensity noise and linewidth.
6.5 Intensity Noise Properties of Phase Conjugate Feedback.
Firstly, noise properties of laser diodes in the case of constant injection current are 
considered for optical feedback from both conventional and phase conjugate mirrors. 
The noise properties are characterised by relative intensity noise, (RIN), and is 
calculated from the expression,
where PD(t) are the output power samples. Fig. 6.6 shows the behaviour of the RIN 
for various injection currents as the external reflectivity is increased. It can be seen 
that optical feedback from a conventional mirror increases the intensity noise as the 
external reflectivity increases [27-34]. The sudden increase in the intensity noise 
corresponds to the laser entering the coherence collapse feedback regime. In contrast, 
with optical feedback from a phase conjugate mirror the increase in intensity noise is 
much more gradual. Lower levels of phase conjugate feedback are required to 
increase the intensity noise above that of the solitary laser than is required for
2s(ti)yn(t)r
(6.25)
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conventional mirror feedback. At low external reflectivity the intensity noise with 
phase conjugate feedback is larger than that caused by conventional mirror feedback 
of the same strength. The situation is reversed at higher external reflectivity where the 
intensity noise is greatest for conventional mirror feedback. In the transition to 
coherence collapse the increase in the RIN occurs at all frequencies to some extent 
but particularly at the relaxation oscillation frequency of the solitary laser and at 
multiples of the inverse external cavity round trip delay. These results show that the 
laser becomes unstable and develops output power fluctuations (i.e. intensity noise) at 
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Fig. 6.6: Relative Intensity Noise (RIN) for Increasing Levels of Conventional Mirror R^xt and Phase 
Conjugate Feedback Rpcm> at Several Injection Currents from 1=1.051* to 1=3.51* (Text=2 ns).
The output power probability distribution functions (pdfs), as shown in figure 6.7, 
give a clearer indication of the effect of lower levels of optical feedback from a phase 
conjugate mirror on the intensity noise properties of the laser. The laser is operated at 
twice the threshold current and with a phase conjugate reflectivity Rpcm=2xl0'6. The 
output power pdf for the solitary laser corresponds to a RIN value of -30.4 dB. The 
output power pdf with phase conjugate optical feedback is narrower than that of the 
solitary laser, corresponding to a RIN of -31.7 dB, a small decrease in intensity noise. 
Hence phase conjugate optical feedback has narrowed the output power pdf by 
reducing the intensity noise in the laser output. Further investigations show that the
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noise reduction properties of the phase conjugate optical feedback are independent of 
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Fig. 6.7: Output Power PDFs with and without Phase Conjugate Optical Feedback (1=21^,
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Fig. 6.8: Reduction of RIN Due to Phase Conjugate Optical Feedback 
(I=2Ith> e^xt=2 ns).
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Fig. 6.7 has shown that it is possible for phase conjugate feedback to cause a small 
decrease in the intensity noise in the laser output power. Figure 6.8 shows the noise 
reduction dependence on the level of phase conjugate optical feedback. The intensity 
noise is reduced for an phase conjugate reflectivity R p^  between 10'9 and 105. For 
values of external reflectivity greater than Rpcm=10'5 the intensity noise is increased. It 
has been found that the phase conjugate optical feedback can significantly reduce the 
low frequency intensity noise [2] (up to a few hundred MHz). There is very little 
reduction of the higher frequency intensity noise. Since most intensity noise will be of 
frequencies around the relaxation oscillation frequency and above, the overall intensity 
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Fig. 6.9: Comparison of Optical Output Power Fluctuations PG(t) for Several Levels of Phase 
Conjugate Rpcm and Conventional Mirror Feedback R^xt (1=21*, Text=2 ns). The Power Levels are
Displaced for Clarity.
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6.6 Output Power Waveforms.
The output power waveforms PD(t) at four different levels of external reflectivity are 
shown in fig. 6.9 for phase conjugate and conventional mirror feedback. The Langevin 
noise sources have been removed from the numerical solution to obtain a clearer 
picture of the effects of optical feedback. The results agree with the observations from 
fig. 6.6 that output power fluctuations occur at lower levels of external reflectivity 
with phase conjugate than for conventional mirror feedback. At low phase conjugate 
reflectivity from 10'5 to 10^ the phase conjugate feedback causes a single 
frequency oscillation in the output power. The frequency of the oscillation is twice the 
relaxation oscillation frequency of the solitary laser. At the same low levels of external 
reflectivity for conventional mirror feedback the output power waveform is stable. At 
a high reflectivity of 10'2 the waveforms with both types of optical feedback appear to 
be chaotic. However the output power waveform at a moderate reflectivity of 10 for 
conventional mirror feedback appears to be almost chaotic, whilst that for phase 
conjugate feedback still has a regular period. Hence the transition to a chaotic output 
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Fig. 6.10: Optical Output Power Fluctuation Frequency Components for Several Levels of Phase 
Conjugate Feedback (1=21^, Text=2 ns).
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6.7 Output Power Fluctuation Frequency Spectrum.
The output power fluctuation frequency spectra corresponding to fig. 6.9 are shown 
in figs. 6.10 and 6.11 for phase conjugate and conventional mirror feedback 
respectively. These graphs show the intensity noise spectra due to optical feedback 
only, plotted on a linear vertical axis. At low feedback levels of 10'5 to 10-4 phase 
conjugate feedback results in a single frequency oscillation that is twice the relaxation 
oscillation frequency. No output power fluctuation frequency spectra are shown for 
conventional mirror feedback at low external reflectivities from 10'5 to 10-4 because 
the laser output is stable at such levels of conventional optical feedback. At a 
moderate external reflectivity of 10~3 it is seen that phase conjugate feedback causes 
only a few frequency components at integer multiples of the relaxation oscillation 
frequency. Conventional mirror feedback of the same strength causes many 
frequencies to be present in the output power fluctuations, with spacing 
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Fig. 6.11: Optical Output Power Fluctuation Frequency Components for Several Levels of 
Conventional Mirror Feedback R<,xt (1=21*, Text=2 ns).
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Large numbers of frequency components indicate that the laser is tending towards 
chaotic behaviour [29-33]. For high levels of external reflectivity of 10' both types of 
feedback cause chaotic fluctuations, as seen from the very large number of frequency 
components present in the output power fluctuations. At this high reflectivity both 
types of feedback cause the laser to operate in feedback regime IV, i.e. coherence 
collapse (see chapter 1). The output power fluctuation frequency spectra confirm that 
phase conjugate optical feedback causes output power fluctuations at lower levels of 
external reflectivity than conventional mirror feedback; and that the transition to 
chaotic output power fluctuations is at a higher external reflectivity for phase 
conjugate than for conventional mirror feedback.
Fig. 6.12 shows the levels of RIN at different frequencies, for a phase conjugate 
reflectivity Rpcm=10'6. This graph is similar to that of figs. 6.10 and 6.11 but with 
spontaneous emission noise included. At low levels of phase conjugate feedback the 
intensity noise can be reduced [2,4]. The reduction is a very small one, only becoming 
significant at very low frequencies of a few hundred MHz [2]. The intensity noise 
reduction is much less than that which has been achieved with phase conjugate 
feedback into a gas laser [8], and is not large enough to be of practical use.
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Fig. 6.12: Variation of Relative Intensity Noise (RIN) with Frequency for Solitary Laser and for 
Phase Conjugate Optical Feedback Rpcm (1=21*, Rpcm=10'6, Text=2 ns).
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The phase difference between the reflected and emitted light plays an important part in 
determining the intensity noise properties of an external cavity laser. With optical 
feedback from a conventional mirror the round trip phase change, C0thText, due to the 
external cavity path length is very unlikely to be a multiple of 2n radians. Therefore 
the reflected light is not in phase with the emitted light A phase conjugate mirror 
ensures that there is zero phase change due to the external cavity path length. The 
reflected light is, thus, in phase with the emitted light, and hence a different intensity 
noise behaviour results for the two types of optical feedback. The difference in the 
intensity noise behaviour of a semiconductor laser induced by phase conjugate and 
conventional mirror feedback can thus be attributed to the round trip phase cancelling 
property of the phase conjugate mirror.
6.8 Linewidth Behaviour and Optical Feedback Regimes.
The linewidth, Av, of a semiconductor laser can be determined from the two-sided 
spectral density of the frequency fluctuations [27],
A v=— . (6.28)
2n
The two sided spectral density of the frequency fluctuations is calculated using a Fast 
Fourier Transform (FFT) of the instantaneous frequency variations co(t)-coth=d<t)/dt. 
The two sided spectral density of the frequency fluctuations S<j>(co) is defined by
5t(co)=(|<i)(a))|2) = / | ^ | 2\  (6.29)
or
= j  ( ^ ( t - T f y - ^ d T .  (6.30)
-OO
The relation (6.28) is defined for a white frequency noise spectrum. Optical feedback 
causes the frequency noise spectrum to be veiy unlike a white noise spectrum, as seen 
in fig. 6.13. However, (6.28) holds for a non-white frequency noise spectrum if S<j> is 
replaced by S<j>(co—>0) [34]. Thus
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Av =
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Fig. 6.13: Two-Sided Spectral Density S<}> of the Frequency Fluctuations 
(1=3.51*, Rpcm= 10 'text^ ns).
The behaviour of the hnewidth as the external reflectivity is increased is shown in fig. 
6.14. The graph shows linewidth for increasing levels of phase conjugate feedback. 
The linewidth for increasing levels of conventional mirror feedback with two different 
external cavity round trip phase changes, co^^ext’ is also shown. It can be seen that the 
linewidth behaves differently as the strength of the phase conjugate feedback and 
conventional mirror feedback increases. The feedback regimes I-IV [29,30] as 
described in chapter 1 are shown for conventional mirror feedback. At low levels of 
conventional mirror feedback (regimes I and II) the linewidth is increased or 
decreased depending on the phase of the reflected light At higher levels of 
conventional mirror feedback (regime III) the linewidth is reduced and is independent 
of the phase of the reflected light For very high levels of conventional mirror 
feedback the laser enters regime IV, and the linewidth is dramatically increased. Since 
there is zero round trip phase change with phase conjugate feedback, it is anticipated 
that feedback regimes I and II do not exist. Fig. 6.14 confirms this. Quite large levels 
of phase conjugate feedback are required before the linewidth is altered from that of 
the solitary laser compared to conventional mirror feedback. The reduced linewidth 
regime III can be obtained with phase conjugate feedback but occurs at higher levels 
of external reflectivity than for conventional mirror feedback. A transition to regime
136
Chapter 6: Intensity Noise and Linewidth Characteristics o f  Laser D iodes with Phase C on j.
IV, coherence collapse, is found for phase conjugate feedback as for conventional 
mirror feedback.
M R R O R  F B  ( c U t h T ^ O  
MIRROR F B  ( O t t T ^ T r / 2 )  
PC M  F B
g  109!
EXTERNAL REFLECTIVITY , R ^
Fig. 6.14: Linewidth Av for Phase Conjugate Rpcm and Conventional Mirror Optical Feedback 
(1=3.51*, xext=2 ns). Roman Numerals Indicate the Conventional Mirror Optical Feedback 
Regimes. The Solid Arrow Indicates the Solitary Laser Linewidth.
Phase conjugate feedback has a different effect on the linewidth behaviour of 
semiconductor lasers to that of conventional mirror feedback as the level of external 
reflectivity is increased. The feedback regimes I and II do not exist for phase 
conjugate optical feedback due to the zero external cavity round trip phase change. 
Feedback regime III has a smaller range for phase conjugate than for conventional 
mirror feedback. Feedback regime IV is unchanged between the two types of optical 
feedback.
6.8 Conclusion.
The intensity noise and linewidth characteristics of a semiconductor laser with phase 
conjugate feedback have been investigated. The results show that different intensity 
noise behaviour occurs with the two types of optical feedback. At very low levels of 
phase conjugate feedback the intensity noise can be lowered slightly. Output power 
fluctuations occur at lower levels of phase conjugate external reflectivity than for 
conventional mirror feedback. However, the transition to the chaotic coherence
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collapse laser output state occurs at a higher level of external reflectivity for phase 
conjugate than for conventional mirror feedback. Low levels of phase conjugate 
feedback have the effect of reducing low frequency intensity noise, up to a few 
hundred MHz. The behaviour of the laser linewidth with increasing external 
reflectivity is also qualitatively different for the two types of optical feedback. Higher 
levels of external reflectivity are required to decrease the linewidth with phase 
conjugate feedback than for conventional mirror feedback. The feedback regimes HI 
and IV are applicable to describe phase conjugate feedback effects in semiconductor 
lasers but regimes I and II cannot be used as they have a dependence on an external 
cavity phase change, which is eliminated by phase conjugate feedback. Phase 
conjugate mirrors fabricated from semiconductor optical amplifiers are quite capable 
of generating a very large external reflectivity [35-43]. The behaviour of 
semiconductor lasers with high levels of phase conjugate feedback will be analogous 
to feedback regime V for conventional mirror feedback, as investigated in chapter 4.
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External Cavity Nonlinear Dynamics of 
Laser Diodes.
7.1 Introduction to External Cavity Dynamics*
This chapter examines two topics which relate to the novel practical applications of 
external cavity semiconductor lasers. First of all, a further aspect of laser diodes 
subject to phase conjugate feedback is examined where the finite time response of the 
medium giving rise to phase conjugate feedback is taken into account. The influence 
of such ’'sluggish” phase conjugate feedback is discussed in sections 1.2-1.6. In 
section 7.5 the appearance of chaotic dynamics in this configuration is noted. The 
second topic which is examined arises from recent interest in the control of nonlinear 
and chaotic dynamics. Here attention is focussed on targetting nonlinear dynamics of 
lasers subject to feedback from conventional or phase conjugate mirrors.
7.2 Introduction to Sluggish Phase Conjugate Feedback.
Recent work has considered, both theoretically [1-7] and experimentally [8,9], the 
effect of phase conjugate feedback (PCF) on semiconductor laser diodes. It is well 
known that conventional optical feedback (COF) can cause dramatic changes in the 
dynamical behaviour and noise properties of laser diodes [10,11]. Of particular 
importance in such cases is the phase of the light returned to the laser after the round 
trip of the external cavity. Phase conjugate mirrors have the property of reversing the 
phase of light incident upon them. Consequently there is a zero round trip phase 
change in an external cavity formed with a phase conjugate mirror, as discussed in 
chapter 6.
The dynamics of laser diodes with phase conjugate feedback have been investigated 
[1-3], as have the intensity noise [4-6] and linewidth properties [6-9]. In the previous
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theoretical work it has been assumed that the phase conjugate mirror has an 
instantaneous response time. Processes for generation of phase conjugate feedback 
are described in chapter 6. In those cases, finite response times of the material can be 
expected, giving rise to changes in the input beam intensity [12-14]. The rise time of 
the response of the phase conjugate mirror is expected to be of the order of 
nanoseconds. The reflected pulse from a phase conjugate mirror will thus be delayed 
and spread out in time compared to the incident pulse [12]. This slow response is 
shown in fig. 7.1 and is known as sluggish phase conjugate feedback. The phase 
conjugate reflectivity can only achieve its steady state value if the input pulse duration 















Fig. 7.1: Sluggish Response from a Phase Conjugate Mirror Showing the 
Delaying and Spreading of the Reflected Pulse.
The nanosecond response times of phase conjugate mirrors are comparable to both 
the external cavity round trip delay and the inverse of the relaxation oscillation 
frequency l/fr. Therefore the behaviour of the laser is expected to be modified by the 
sluggish response of the phase conjugate mirror. The following sections consider how 
the sluggishness of the phase conjugate mirror affects the behaviour of laser diodes 
with phase conjugate feedback. The investigation is not concerned with the slow build 
up of the phase conjugate reflectivity when the phase conjugate mirror is initially 
turned on, which can be as long as seconds or minutes for photorefractive phase 
conjugate mirrors [15-17]. The aim of this chapter is to gain some insights into the 
effect of a sluggish phase conjugate mirror on the behaviour of the semiconductor 
laser, without detailing the dynamic processes within the phase conjugate mirror itself.
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7.3 Rate Equation Model for Sluggish Phase Conjugate 
Feedback.
A single mode laser diode model is used to investigate the effect on diode lasers of 
sluggish phase conjugate feedback. The configuration is shown in fig. 7.2.
Sluggish Phase
Laser Conjugate Mirror




Pref (t)= P o(t-T ex t)R (t)
i _ _ i _ >
' Tl • Text '
Fig 7.2: Laser Diode with Feedback from a Sluggish Phase Conjugate Mirror.
The phase conjugate mirror is assumed to respond with an exponential rise time. This 
representation is considered adequate for an initial investigation into sluggish phase 
conjugate feedback. An additional rate equation [18] is introduced into the model to 
account for the time dependent phase conjugate reflectivity R(t),
- * ,- * « ) .  (7.1)
where R ^  is the steady state phase conjugate mirror reflectivity and Tr is the rise 
time of the phase conjugate mirror. Equation (7.1) is a simple model of a sluggish 
phase conjugate mirror for the present initial investigation. A more detailed rate 
equation containing the sluggish response could be obtained from equation (6.3) by 
incorporating R(t) into k ^ .  The rise time Tr depends on the incident power in 
principle, but is treated as a constant for simplicity. The extra rate equation increases 
the flexibility of the model by including time dependent external reflectivities.
The rate equation (7.1) for the sluggish response is used in addition to those already 
used in chapter 6 to describe instantaneous phase conjugate feedback [1-7]. They are 
given below for completeness together with the Langevin noise terms to model the 
spontaneous emission noise. Note that s(t-Text) has been replaced by sref(t-xext),
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The values and descriptions of the laser diode parameters used in (7.2)-(7.8) are given 
in table 2.1. The rate equations (7.1)-(7.8) have been solved numerically for weak 
levels of sluggish phase conjugate feedback following the same methods described in 
chapters 2,6  and appendix 3. The intensity noise and dynamics of the laser diode have 
been investigated.
7.4 Intensity Noise with Sluggish Phase Conjugate Feedback.
The sluggish response means that the phase conjugate mirror acts like a filter on the 
intensity noise frequency components in the laser output. The laser intensity noise 
components of frequency greater than approximately 1/Tr are filtered out and are 
absent from the reflected light Thus the reflected light is a smoothed version of the 
light emitted from the laser.
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 OUTPUT POWER PXt)
 REFLECTED POWER Pr(t)







Fig. 7.3: Output Power PQ(t) and Reflected Power Pr(t) Waveforms for Sluggish Phase Conjugate 
Mirrors with Rise Times Tr up to 10 ns (ReXt=0.1,1=21*, xext=2 ns).
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Any sharp noise spikes in the laser output are not reflected by the phase conjugate 
mirror. Fig. 7.3 shows the output power PD(t) and reflected power Pr(t) waveforms 
for a sluggish phase conjugate mirror with rise times Tr up to 10 ns. For large Tr (very 
sluggish phase conjugate feedback) the intensity spikes in the laser output do not 
appear in the reflected light In noisy operating regimes (such as coherence collapse 
caused by moderate optical feedback) noise peaks at frequencies corresponding to 
multiples of l/xext appear in the intensity noise spectrum. The noise peaks are due to 
pulses of light propagating around the external cavity at its characteristic delay xext. A 
sluggish phase conjugate mirror does not allow noise spikes to propagate around the 
external cavity due to the filtering action of its sluggish response. The absence of 
spikes in the feedback light results in less intensity noise in noisy operating regimes 
(such as coherence collapse at moderate feedback levels) with sluggish phase 
conjugate feedback as compared to instantaneous phase conjugate feedback. Fig. 7.4 
shows the intensity noise spectrum of sluggish phase conjugate feedback where the 
peaks corresponding to multiples of the inverse external cavity round trip delay l/xext 
are absent The laser is operating in the coherence collapse regime with a phase 
conjugate reflectivity Rpcn^O. 1 and a bias current 1=21^. Fig. 7.4 should be compared 
to the intensity noise spectrum of instantaneous phase conjugate feedback in Fig. 7.5 
for the same feedback strength, where the intensity noise peaks at multiples of the 
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Fig. 7.4: Intensity Noise Spectrum for Optical Feedback from a Sluggish Phase Conjugate Mirror
(Tr=l ns, Rpcm=®-1 * I=2Ith, Text= 2 ns).
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Fig. 7.5: Intensity Noise Spectrum for Optical Feedback from an Instantaneous Phase Conjugate 
Mirror (Tr=0 ns, Rpcm=0.1,1=21*, iext=2 ns).
When a diode laser is subject to optical feedback the majority of the intensity noise 
generated is around the relaxation oscillation frequency fr of the laser [19]. This is 
shown in figs. 7.4 and 7.5 where fj=3 GHz. Since the relaxation oscillation frequency 
changes with bias current it is expected that the small intensity noise reduction due to 
the sluggish response of the phase conjugate mirror will also change with bias current. 
The level of the intensity noise, defined by
P  ( t r - p  ( f )
RIN = oK ) r  } , (7.9)
PoW
as the response time Tr of the sluggish phase conjugate mirror is increased is shown in 
Fig. 7.6 for several bias currents. Again the laser is operating in the noisy coherence 
collapse regime at moderate optical feedback levels of Rpcm^. 1 and I=2Ith. As the 
response becomes less sluggish, the phase conjugate mirror begins to reflect the 
higher frequency components of the intensity noise in the laser output and 
consequendy the laser intensity noise increases. At higher bias currents the intensity 
noise spectrum contains higher frequency components. Therefore, for higher bias 
currents a faster response time can be tolerated before the transition to a higher level 
of intensity noise, as shown in Fig. 7.6.
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Fig. 7.6: Relative Intensity Noise (RIN) Variation with Sluggish Phase Conjugate Mirror Response 
Time for Varying Bias Current from 2.7 to 3.8 times I* (Rpcm=0-1, e^xt=2 ns).
7.5 Bifurcation Diagrams and Route to Chaos.
Further insight into the dynamics of laser diodes subject to sluggish phase conjugate 
feedback can be gained from bifurcation diagrams for increasing phase conjugate 
reflectivity. Bifurcation diagrams are produced by generating a long time series of the 
laser output power PD(t) at each feedback level. The carrier density n(t) is noted at 
each time the output power crosses its steady state solitary laser output power P^. 
The values of carrier density are then normalised using
where nth is the threshold carrier density of the solitary laser. At a particular external 
reflectivity: (i) no crossings of the steady state laser output power Psol indicates a
density at the crossings indicates a few frequency components in the oscillations of the 
laser output, and (iv) large numbers of the value of the carrier density at the crossings 
(blending into a continuous line) indicates chaotic fluctuations in the laser output
(7.10)
stable laser output, (ii) a single value of the carrier density at the crossing indicates a 
single frequency oscillation in the laser output, (iii) multiple values of the carrier
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Fig. 7.7: Output Power Time Series for a Reflectivity Just Below a Period Doubling Bifurcation
(1=21*, Text=2 ns).
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Fig. 7.8: Output Power Time Series for a Reflectivity Just Above a Period Doubling Bifurcation
(1=21*, Text=2 ns).
When the number of values of the carrier density (at crossings of the steady state 
solitary laser output power) doubles it is called a period doubling bifurcation [20,21] 
because the output power waveform has twice as many frequency components (i.e.
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the period has doubled). The process can continue indefinitely leading to an aperiodic 
or chaotic waveform. This is known as a period doubling route to chaos [20-24]. If a 
time series of the laser output were plotted at a reflectivity just below the period 
doubling bifurcation then the output would consist of a single frequency oscillation, as 
seen in fig 7.7. In comparison, an equivalent time series for a reflectivity just above 
the period doubling bifurcation is shown in fig 7.8, where the laser output consists of 
an oscillation which has a period twice as long as the period of the oscillation for a 
reflectivity below the bifurcation point. Hence, bifurcation diagrams are useful for 
comparing the route to chaos for the different types of feedback.
The bifurcation diagram of the normalised carrier density n/n^-1 for sluggish phase 
conjugate feedback, with a rise time of Tr=10 ns and an external cavity round trip 
delay xext=0.23 ns, is shown in Fig. 7.9. The laser bias current is 1=21^. When 
compared to the bifurcation diagram for instantaneous phase conjugate feedback 
(Tr=0 ns) of the same external cavity round trip delay in Fig. 7.10 it can be seen that 
the dynamics are more complex for sluggish phase conjugate feedback, as there are 
more regions of periodic and chaotic behaviour before the final transition into chaos.
Fig. 7.9: Bifurcation Diagram of Normalised Carrier Density (n/n*-l) for Increasing Feedback from
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Fig. 7.10: Bifurcation Diagram of Normalised Carrier Density (n/n*-l) for Increasing Feedback from 
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Fig. 7.11: Bifurcation Diagram of Normalised Carrier Density (n/n*-l) for Increasing Conventional
Optical Feedback (Text=0.23 ns, 1=21*).
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Fig. 7.12: Bifurcation Diagram of Normalised Carrier Density (n/n*-l) for Increasing Feedback from 
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Fig. 7.13: Bifurcation Diagram of Normalised Carrier Density (n/n*-l) for Increasing Feedback from
an Instantaneous Phase Conjugate Mirror (Tf=0 ns, Text=2.3 ns, 1=21*).
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Fig. 7.14: Bifurcation Diagram of Normalised Carrier Density (n/n*-l) for Increasing Conventional
Optical Feedback (xext=2.3 ns, 1=21*).
The bifurcation diagrams for sluggish and instantaneous phase conjugate feedback 
should both be compared to that of conventional optical feedback for the same 
external cavity round trip delay in Fig. 7.11. For conventional optical feedback (fig. 
7.11) the laser output oscillation is seen to double in period at the bifurcation points 
on its route to chaos. For instantaneous phase conjugate feedback (fig. 7.10) the 
bifurcation diagram is more complex, showing other structures as well as period 
doubling bifurcations. For sluggish phase conjugate feedback (fig. 7.9) it is still more 
complex, with many windows of single frequency oscillations in the output power. 
Also the complexity (i.e. the number of windows of periodic and regions of chaotic 
behaviour) increases as the sluggish phase conjugate mirror rise time Tr increases. 
However the first bifurcation point occurs at the same reflectivity for sluggish and 
instantaneous phase conjugate feedback.
Further calculations at longer external cavities show that the difference in complexity 
between sluggish and instantaneous phase conjugate feedback is reduced for a larger 
external cavity round trip delay. Fig. 7.12 shows the bifurcation diagram for sluggish 
phase conjugate feedback (Tr=10 ns) for a longer external cavity round trip delay of 
2.3 ns and a bias current 1=21^. Fig. 7.12 is not very different from that for 
instantaneous phase conjugate feedback shown in Fig. 7.13. Therefore changes in the 
dynamics of the laser with phase conjugate feedback caused by a sluggish phase
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conjugate mirror are more pronounced for shorter external cavities. This behaviour is 
similar to the reduced differences at longer external cavities between the behaviour of 
instantaneous phase conjugate feedback (fig. 7.13) and conventional optical feedback 
shown in Fig 7.14 [4].
7.6 Linewidth Behaviour of Sluggish Phase Conjugate Feedback.
Weak levels of optical feedback may be used to reduce the linewidth Av of a 
semiconductor laser [25]. The linewidth is calculated as in chapter 6 (6.31) from
5 (^0) —> 0)
Av = —  -  (7.11)
2n
where S<{) is the two sided spectral density of the frequency fluctuations. Phase 
conjugate feedback has also been used for linewidth reduction [7,8]. It is relevant to 
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Fig.7.15: Linewidth for Increasing Levels o f Sluggish (Tj=10 ns) and Instantaneous (Tf=0 ns) Phase
Conjugate Feedback (1=3.51*, Text=2 ns).
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Fig. 7.15 shows the linewidth as the feedback level is increased for sluggish (Tr=10 
ns) and instantaneous phase conjugate mirror (Tr=0 ns). The bias current is fixed at 
I=2Ith and the external cavity round trip delay is taken to be i ext=2 ns. The linewidth 
reduction behaviour (in optical feedback regime III) due to sluggish phase conjugate 
feedback is no different from that of instantaneous phase conjugate feedback. The 
linewidth increase as the laser enters the noisy coherence collapse regime is also 
unchanged with sluggish phase conjugate feedback. A description of the linewidth 
narrowing optical feedback regime in  has been given in chapter 1, and in chapter 6 
the linewidth narrowing properties of phase conjugate feedback compared to 
conventional mirror optical feedback have been described.
7.7 Introduction to Targetting in Nonlinear Dynamics.
The following sections of this chapter describe a simple method of targeting periodic 
and chaotic dynamics appearing in a semiconductor laser subject to optical feedback. 
Practical applications for chaotic dynamics have been proposed in laser physics and in 
communications [26-29]. A major advance which has facilitated these efforts is the 
development of techniques for controlling chaotic dynamics [26] which have led, in 
particular, to the proposal of secure communication systems which exploit the 
properties of chaotic dynamical systems [27]. The idea is to control the chaotic 
dynamics to produce the desired information carrying signal. Any portion of a chaotic 
signal can be represented in terms of symbolic dynamics as some binary sequence
[27]. Hence, the wanted binary sequence can be considered as truly chaotic and can 
be written with the help of an appropriate control technique. The engineering 
advantage of such a method of data encryption is that extremely low amplitudes of the 
controlling signal are required, due to the high sensitivity on the initial conditions. 
Techniques for the control of chaos permit the selection and stabilisation of one of the 
almost stable periodic orbits which are available within the dynamics of a chaotic 
system. Thus to send information, a targetting signal is used to direct trajectories 
within a chaotic attractor in a prescribed sequence. The transmitted information is 
then recovered from the transmitted "perturbed" chaos. Chaotic communications may 
also be produced by mixing the message signal with the output from a chaotic 
transmitter and then recovering the message from the received transmitted chaos 
using a rather different concept of chaos synchronisation [28]. An efficient algorithm 
for improving the locking rate between receiver and transmitter has been reported 
recently [29].
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Fig. 7.16: A Trajectory on a Manifold in Phase-Space can be Used 








Fig. 7.17: Different Types of Attractors in Phase-Space.
To explain the results in the following sections a few concepts about nonlinear 
dynamics must be introduced. The dynamics of a system can be represented by a 
trajectory (as time varies) in phase-space. The trajectory shows how the output 
parameters of the system change with time. The phase-space is n-dimensional, where 
n is the number of system parameters being investigated. The trajectories may be 
restricted to regions of phase-space called manifolds. For example, a manifold for a 3- 
dimensional phase-space {x,y,z} might be a surface, as shown in fig. 7.16. The 
trajectories show the dynamics of the system, by moving from unstable areas of 
phase-space to stable areas. These stable features are called attractors [30,31], as 
shown in fig. 7.17. An attractor can be a fixed point (steady state output), a limit cycle 
(periodic solution), or a chaotic attractor (chaotic output). A saddle point is a point in 
phase-space that behaves as an attractor in one direction but is unstable in another. In 
a chaotic system two trajectories from initially close points will separate exponentially. 
The rate of exponential separation is called the Lyapunov exponent XL. If the
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Lyapunov exponent is large and positive then there is a very sensitive dependence on 
the initial conditions and the system is described as chaotic.
An essential ingredient in controlling chaotic dynamics is the procedure for targetting
[32] to the desired periodic or steady state orbit. Stabilising a system by small 
correcting signals is usually very effective once the system comes close to the desired 
state. The latter is guaranteed by the ergodicity of chaotic motion. That is to say a 
chaotic trajectory inevitably must visit some neighbourhood of any point embedded in 
a chaotic attractor. But, if the system starts far enough from the desired state 
unacceptably long transients can result So, in general, a first stage in chaos control 
techniques requires a fast identification of the target orbit or trajectory. The usual 
method for identification of the target [26,32] is relatively complex algorithmically 
and thus practical applications may take advantage of simpler methods.
7.8 Chaos Control in Laser Diodes.
Based upon the availability of an improved chaos control algorithm, consideration has 
been given to the development of practical laser diode chaotic transmitters for use in 
optical fibre communications systems. For that purpose it is required that generation 
and control of laser diode chaotic dynamics be easily implemented. Laser diodes 
subject to phase conjugate optical feedback offer one possible method for 
implementing a controllable chaotic transmitter by varying the level of the feedback. 
The required controllable phase conjugate feedback would itself be generated via 
enhanced multiwave mixing in laser diode structures [33]. The response of laser 
diodes subject to phase conjugate optical feedback has already been demonstrated as 
giving rise to a transition to chaos [5,6] (see figs. 7.10 and 7.13). Account has also 
been taken of practical effects arising due to a finite response time of the phase 
conjugate mirror [18] (see sections 1.2-1.6). The first investigations of controlling 
chaotic dynamics in models of laser diodes have also been reported recently [34,35], 
using a technique known as Occasional Proportional Feedback (OPF). In the 
Occasional Proportional feedback method a control parameter is slightly varied at 
discrete time intervals to correct the motion to the required trajectory. The OPF
method has also been used experimentally for the control of chaos in a laser diode
interferometer [36]. The combination of an efficient control algorithm and a practical 
chaotic optical transmitter offers an opportunity for a novel secure communications 
system based upon chaotic encryption. In addition, chaos control techniques can be 
applied to avoid the coherence collapse caused by conventional residual feedback in
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the hybrid integration and packaging of commercial laser diodes. The degradation in 
laser performance due to unwanted optical feedback has been investigated in chapter 
2.
In earlier work [37,38] it has been shown, using the example of a C02 laser, that 
periodic orbits as well as a general target in phase-space can be targetted using 
additional loss modulation applied at an optimal phase [39]. This was one of the first 
well controlled experimental demonstrations of the observability of unstable states in 
laser dynamics. Recently an alternative scheme which can be readily realised 
experimentally has been proposed [40], based on the idea of step-wise Q-switching 
from a non-lasing regime. It is worth noting that although the changes in parameters 
are relatively large, they are short-lived, so an initial parameter set is completely re­
established (at least after a single targetting correction) in a reversible manner. Both 
these methods can be used to steer bifurcating semiconductor lasers to unstable states 
by modulating the injection current. It is noted that loss modulation is also a practical 
option in some laser diode structures such as Vertical Cavity Surface Emitting Lasers 
(VCSEL's) [41]. In the following sections an investigation is performed into the 
possibility of directing trajectories to an unstable steady state in chaotic laser diodes 
subject to conventional optical feedback by using simple off/on manipulations.
7.9 Targetting Laser Diode Dynamics.
The key idea of targetting to unstable states is similar to that proposed in [40] in the 
context of models for conventional lasers with periodically modulated parameters or 
incorporating a saturable absorber. By targetting it is meant that a system parameter 
(in this case the feedback strength) is varied to achieve a specific output The 
following procedure is considered. A single mode rate equation model (see chapter 2) 
for a diode laser subject to optical feedback is considered. The laser is initially biased 
below threshold (1=0.91 ,^) for a time period of sufficient duration to ensure that all 
relaxation processes are over. Thus avoiding any pattern effects (see chapter 2) so 
that the laser has "forgotten" any previous history. The laser is then switched on 
abruptly using a step function increment in the injection current (1=21 )^. The 
subsequent time evolution of the laser can be described from a dynamical systems 
viewpoint in the following way. The unstable manifold of the non-lasing steady saddle 
point is attracting for neighbouring trajectories and is connected with an unstable 
lasing steady state [40]. In consequence it is possible to observe these unstable states 
during some time intervals of the transient dynamics. In general the duration of these
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intervals strongly depends on the intrinsic noise level, as has been shown for a 
modulated class B laser [42]. In this present first study of the technique we have, 
however, restricted interest to noise-free (deterministic) simulations.
7.10 Targetting Periodic Motion.
As the level of feedback is increased the laser dynamics undergoes a sequence of 
period-doubling bifurcations culminating in chaotic behaviour, as has been seen in fig. 
7.11. For the lowest levels of feedback shown the laser has entered a regime of 
periodic motion. At a reflectivity of about 1^ = 1.3xl0‘3 the period of the oscillations 
is doubled. This value of the reflectivity may be termed the first period doubling 
bifurcation point. A second period doubling bifurcation point is also visible before the 
dynamics becomes very complex. Such a bifurcation diagram is typical for laser 
diodes in a short external cavity as well as in other nonlinear dynamical systems. The 
targetting procedure exploits the availability of the various periodic and chaotic 
motions whose existence are revealed via the bifurcation diagram (fig. 7.11).
The results of targeting the system to the vicinity of the unstable steady state when the 
laser is operated just below the first period doubling bifurcation point (R^plO'3) are 
shown in figs. 7.18-7.21. The laser injection current is increased from 1=0.91  ^ in a 
step to 1=21 .^ It is seen from the time dependence of the optical output power in fig. 
7.18 that the targeting indeed takes place. After the turn-on delay a first large optical 
pulse is emitted, then the system relaxes (as for the case of a solitary laser) to the 
steady state and stays there for about 2 ns before the laser settles into a periodic 
output. In fig. 7.19 a photon-carrier density {s(t),n(t)} phase-plane representation of 
the dynamics is shown. The initial turn-on transient is seen as the phase portrait spirals 
towards the supposed steady state and then the dynamics evolves along a trajectory 
leading to the stable limit cycle which represents the final periodic motion [43-45]. In 
order to explain this effect account must be taken of the high dimension of phase 
space of the system under consideration. In a two-dimensional phase space such 
behaviour would not be possible since the uniqueness of the solution means that tra­
jectories are not allowed to intersect themselves in a plane. For instance, the only way 
to approach the limit cycle in two-dimensional models of lasers with a saturable 
absorber is to spiral onto it from outside [40]. This type of approach path is not 
shown in the two-dimensional projection of phase space shown in fig. 7.19. Due to 
the time delay term there is an infinite number of degrees of freedom in an optical 
feedback system, and thus the trajectory can avoid self-intersections by moving in
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other dimensions. This behaviour is illustrated in fig. 7.20 and in greater detail in fig. 
7.21.
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Fig. 7.18: Time Evolution of the Photon Density s(t) o f a Laser Operated Below the First Period 
Doubling Bifurcation (R^^IO"3, Text= 2  ns, I(t<0)=0.91*, I(t>0)=2Ith).
CARRIER DENSITY n (t) (m -3)
Fig. 7.19: Photon-Carrier Density {s(t), n(t)} Phase-Space Representation
of the Dynamics of the Laser Operated Below the First Period Doubling Bifurcation
(R«*=10-3, t exl=2 ns, I(t<0)=0.91*. I(t>0)=2Ilh).
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Fig. 7.20: Photon-Feedback-Carrier Density {s(t>, s(t-Text)» n(t)} Phase-Space of the Laser Dynamics 
Below the First Period Doubling Bifurcation (ReXt=10~3, xcxt=2 ns, I(t<0)=0.9I,h, I(t>0)=2Ith).
Fig. 7.21: Exploded View of the Laser Approaching the Limit Cycle of Fig. 7.20.
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7.11 Dynamical Systems Description.
A more formal explanation of the behaviour is as follows. The saddle steady state 
lasing point, being embedded in high dimensional space, may have nontrivial 
combination of stable and unstable manifolds. For example, among the three- 
dimensional saddle points there is a so called node-unstable focus (e.g. the inverse 
Shilnikov geometry [46]). In this case we have a saddle point which can be properly 
represented only in at least four-dimensional phase space: the two-dimensional stable 
manifold (relaxation oscillations) and the two-dimensional unstable one (the 
dimension of a Hopf bifurcation normal form). So the present case is a complex 
saddle of kind of a double stable-unstable focus. Indeed, the three-dimensional phase 
portraits in figs. 7.20 and 7.21 resemble those of the Shilnikov homoclinic bifurcation 
[46]. It should be added that a similar Shilnikov orbit structure has been observed 
earlier in the C02 laser with a saturable absorber. The presence of the sharply 
pronounced undulations at both sides of pulses has been reproduced only in the 
framework of the four-dimensional theoretical model incorporating the finite 
relaxation rate of the lower laser level [44]. The tracing of this special kind of 
trajectory is only possible due to the specifically set initial conditions which belong to 
the stable manifold of the desired stationary point
7.12 Feedback Effects and Chaotic Dynamics.
As the optical feedback is increased the period-one motion becomes unstable and a 
bifurcation to period-two dynamics occurs followed eventually by chaotic motion. 
The laser dynamics in the cases of a laser operated above the first period doubling 
bifurcation point (Rext=1.5xl0‘3) and also in the coherence collapse regime 
(Rext=2.5xl0'3) are illustrated in figs. 7.22-7.24 and 7.25-7.27 respectively. The 
period-two periodic motion is clearly visible in the time series of fig. 7.22 as well as in 
the limit cycle of figs. 7.23-7.24. The complexity of the dynamics for higher feedback 
levels is apparent in figs. 7.25-7.27 but again, the required dynamical state has been 
correctly targeted [43-45]. From these results it is seen that the technique advocated 
here is robust to the strength of the optical feedback.
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Fig. 7.22: Time Evolution of the Photon Density s(t) o f a Laser Operated 
Above the First Period Doubling Bifurcation (ReXt=1.5xlO'3, Text=2 ns, I(t<0)=0.9I,h, I(t>0)=2Ith).
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Fig. 7.23: Photon-Carrier Density {s(t), n(t)} Phase-Space Representation
of the Laser Dynamics of the Laser Operated Above the First Period Doubling Bifurcation
(Rext=1.5xl0'^, t„ ,= 2  ns, I(t<0)=0.91*,, I(t>0)=2Ith),
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Fig. 7.24: Photon-Feedback-Carrier Density {s(t), s(t-Text), n(t)} Phase-Space Representation of the 
Dynamics of the Laser Operated Above the First Period Doubling Bifurcation 




0 1 2 3 4 5 6 7
TIME t  (ns)
Fig. 7.25: Time Evolution of the Photon Density s(t) of a Laser Operated in the 
Coherence Collapse Regime (Rext=2.5x 10"3, Text=2 ns, I(t<0)=0.91*, I(t>0)=2Ith).
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Fig. 7.26: Photon-Carrier Density {s(t), n(t)} Phase-Space Representation of the Laser Dynamics 
Operated in the Coherence Collapse Regime (ReXt=2.5xl0‘3, Text=2 ns, I(t<0)=0.9Itj1,1(t>0)=2Ith).
*015*10*
Fig. 7.27: Photon-Feedback-Carrier Density {s(t), s(t-Text), n(t)} Phase-Space Representation of the
Dynamics of the Laser Operated in the Coherence Collapse Regime
(ReIt=1.5xlO-3, t eM=2 ns, I(t<0)=0.91*, I(l>0)=214,).
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Evidence of an intermediate portion of the trajectory visiting the unstable period-one 
cycle during the transients of the period-two dynamics (figs. 7.22-7.24) has not been 
observed. This is explained by the fact that due to the high positive values of the 
Lyapunov exponent XL in the unstable states, the system stays there only for a short 
period of time (~ 1/ which is of order the oscillation period. It is expected that this 
unstable one-periodic orbit may become apparent when the laser is just above the 
bifurcation point where the positive exponent is small. Finally, it is interesting to point 
out (see fig. 7.27) that in spite of its chaotic nature the structure of the strange 
attractor in the coherence collapse regime may be readily characterised. A chaotic 
generator of such a sort will produce a seemingly random sequence of single and 
double-peaked pulses with different heights which can be associated with a binary 
sequence. In this way the present configuration is similar to the case of a double scroll 
oscillator [27] and thus can be considered for use in chaotic communications.
7.13 Conclusion.
In early sections of this chapter, the intensity noise behaviour and dynamics of laser 
diodes subject to sluggish phase conjugate feedback have been investigated and 
compared to those of instantaneous phase conjugate feedback. During the chaotic 
coherence collapse regime the intensity noise is slightly reduced by the sluggish phase 
conjugate feedback compared to instantaneous phase conjugate feedback. The 
reduction is dependent on the bias current due to the relationship between the 
relaxation oscillation frequency and the rise time of the sluggish phase conjugate 
mirror. Most intensity noise is centred around the relaxation oscillation frequency of 
the laser. Hence if the response time of the sluggish phase conjugate mirror is slower 
than the inverse of the relaxation oscillation frequency some of the intensity noise is 
removed from the feedback signal. Bifurcation diagrams of the normalised carrier 
density have shown that the complexity of the dynamics of the diode laser with 
sluggish phase conjugate feedback is greater for sluggish phase conjugate feedback 
than for instantaneous phase conjugate feedback and conventional optical feedback. 
This complexity with sluggish phase conjugate feedback is greater for shorter external 
cavities. The linewidth properties of phase conjugate feedback are not altered by the 
use of a sluggish phase conjugate mirror.
In the latter sections of this chapter targetting to the steady state of periodic and 
chaotic outputs of semiconductor lasers subject to weak optical feedback has been 
demonstrated. Control of chaos techniques may offer an opportunity for ensuring that
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laser diodes are immune from coherence collapse. Such a technique would appear to 
be of some practical interest in respect to the hybrid optical integration and packaging 
of commercial semiconductor lasers.
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Chapter 8:
Conclusions and Further Work.
8.1 Conclusions.
This thesis has investigated the effect of optical feedback on semiconductor lasers. 
Weak optical feedback from within a communication system has been investigated. 
Strong optical feedback occurring in external cavity laser diodes has also been 
characterised. Both conventional and phase conjugate optical feedback has been 
considered.
The effect of external optical feedback on the tum-on delay characteristics of typical 
semiconductor lasers used in digital optical communications systems has been 
investigated. The investigation was performed using a single mode rate equation 
model for a semiconductor laser with optical feedback. The external optical feedback 
introduces additional intensity noise to that caused by spontaneous emission. The 
additional intensity noise is due to the chaotic nature of the laser output with 
moderate optical feedback, resulting in increased tum-on delay jitter in all of the gain- 
switching, periodic and pseudorandom modulation formats. The jitter is increased 
dramatically by a moderate external reflectivity. The increase in jitter is greatest at 
higher bias currents. The average tum-on delay is increased by optical feedback 
during the gain-switching modulation format. During periodic modulation and the 
more practical pseudorandom modulation regime the effect on the average tum-on 
delay is dependant on the modulation conditions, with the average tum-on delay either 
increasing or decreasing as the optical feedback increases. If, under pseudorandom 
modulation the modulation conditions result in the tum-on delay distribution being 
twin peaked without feedback due to pattern effects, then large amounts of external 
optical feedback can change the tum-on delay distribution into a single peaked one. 
Thus optical feedback can prevent the pattern effects from occurring, but at the 
expense of a very large jitter. The increase in tum-on delay jitter caused by external 
optical feedback is less when the tum-on delay distribution is initially double peaked 
since in this case a large jitter is already exhibited.
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An iterative travelling wave model for a laser diode subject to strong optical feedback 
has been developed and used to investigate strong optical feedback into laser diodes. 
The dynamics and intensity noise characteristics of the transition from stable external 
cavity operation to the coherence collapse regime have been investigated. It has been 
found that the model is suitable for all five of the regimes used to describe the 
behaviour of laser diodes with optical feedback. Large amounts of intensity noise is 
correctly predicted in the coherence collapse regime under moderate optical feedback. 
The model also predicts the low levels of intensity noise in the stable external cavity 
operation for strong optical feedback conditions. Bifurcation diagrams indicate the 
laser facet reflectivity required to prevent coherence collapse for a fixed level of 
strong feedback. Thus, a critical level of an anti-reflection coating (if applied) can be 
identified. Resonant modulation at microwave frequencies has also been 
demonstrated. Low Frequency Fluctuations (LFF) are exhibited by the model The 
results have identified that the LFF is an intermittency phenomenon and that it is of 
type II or type El. Experimental work confirms this deduction. The laminar length of 
the LFFs increases with external reflectivity, and decreases with increasing current
An adaptation of the iterative travelling wave model has been applied to the case of an 
external cavity frequency modulated (FM) laser diode. The adaptations involve the 
addition of a time dependent external cavity phase change. Experiments indicate that 
at a critical level of single pass phase modulation the FM laser moves into the 
coherence collapse regime. It has not been possible to investigate this modulation 
induced coherence collapse with the model because the instantaneous emission 
frequency is modulated by the detuning frequency, something which does not occur in 
the experiments.
The feedback sensitivity of VCSEL’s has been compared to that of edge emitting 
lasers using the single mode rate equations for a diode laser with optical feedback. 
This has been achieved by investigating the Relative Intensity Noise as the feedback 
level is increased, and also by calculating bifurcation diagrams showing the route to 
chaos. Therefore the transition to coherence collapse can be identified and compared 
for the two types of laser diode. The feedback sensitivity of VCSEL's is comparable 
to edge emitting lasers for typical values of the VCSEL facet reflectivity. Only for 
very high facet reflectivity are VCSEL's less sensitive to feedback than edge emitting 
lasers. The similarity in the feedback sensitivity of the two types of lasers can be 
attributed to their similar photon lifetimes despite their very different structures. The 
comparable photon lifetimes and feedback sensitivity results from the high facet 
reflectivity being cancelled out by the short cavity length.
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The single mode rate equation model for a laser diode with optical feedback has been 
adapted to include phase conjugate feedback. With the phase conjugate feedback 
model the intensity noise and linewidth characteristics of a semiconductor laser due 
phase conjugate feedback have been investigated, and compared to that due to 
conventional optical feedback. The results show that different intensity noise 
behaviour occurs with the two types of optical feedback. At very low levels of phase 
conjugate feedback the intensity noise can be lowered slightly. Output power 
fluctuations occur at lower levels of phase conjugate external reflectivity than for 
conventional mirror feedback. However, the transition to the chaotic coherence 
collapse laser output state occurs at a higher level of external reflectivity for phase 
conjugate than for conventional mirror feedback. Low levels of phase conjugate 
feedback have the effect of reducing low frequency intensity noise, up to a few 
hundred MHz. The behaviour of the laser linewidth with increasing external 
reflectivity is also qualitatively different for the two types of optical feedback. Higher 
levels of external reflectivity are required to decrease the linewidth with phase 
conjugate feedback than for conventional mirror feedback. The linewidth reduction 
feedback regime HI and coherence collapse regime IV are applicable to describe phase 
conjugate feedback effects in semiconductor lasers but regimes I and II cannot be 
used as they have a dependence on an external cavity phase change, which is 
eliminated by phase conjugate feedback.
The single mode rate equation for laser diodes with phase conjugate reflectivity has 
also been extended to include the effects of sluggish phase conjugate feedback. This 
involves the addition of an extra rate equation governing the time dependent 
reflectivity of the phase conjugate mirror. The intensity noise behaviour and dynamics 
of laser diodes subject to sluggish phase conjugate feedback have been investigated 
and compared to those of instantaneous phase conjugate feedback. During the chaotic 
coherence collapse regime the intensity noise is slightly reduced by the sluggish phase 
conjugate feedback compared to instantaneous phase conjugate feedback. The 
reduction is dependent on the bias current due to the relationship between the 
relaxation oscillation frequency and the rise time of the sluggish phase conjugate 
mirror. Most intensity noise is centred around the relaxation oscillation frequency of 
the laser. Hence if the response time of the sluggish phase conjugate mirror is slower 
than the inverse of the relaxation oscillation frequency some of the intensity noise is 
removed from the feedback signal. Bifurcation diagrams of the normalised carrier 
density have shown that the complexity of the dynamics of the diode laser with 
sluggish phase conjugate feedback is greater for sluggish phase conjugate feedback 
than for instantaneous phase conjugate feedback and conventional optical feedback.
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This complexity with sluggish phase conjugate feedback is greater for shorter external 
cavities. The linewidth properties of phase conjugate feedback are not altered by the 
use of a sluggish phase conjugate mirror.
Targetting to the steady state of periodic and chaotic outputs of semiconductor lasers 
subject to weak optical feedback has been demonstrated using the single mode rate 
equation model. Control of chaos techniques may offer an opportunity for ensuring 
that laser diodes are immune from coherence collapse. Such a technique would appear 
to be of some practical interest in respect to the hybrid optical integration and 
packaging of commercial semiconductor lasers.
8.2 Further Work.
The investigations into the tum-on delay statistics of a laser diode subject to optical 
feedback can be advanced by considering the effect of the feedback on the system 
performance. To estimate the system performance degradation due to jitter the bit- 
error-rate (BER) or the system power penalty needs to be calculated. The bit-error- 
rate cannot be directly calculated from the bits which are in error during a numerical 
simulation of the rate equations, due to the vast number of bits required. Instead, the 
tum-on delay distributions gained from the rate equation model are used directly to 
find the proportion of pulses which have a tum-on delay which is too slow. An error 
in a modulation bit occurs if the tum-on delay is of a similar value to the modulation 
period, resulting in the laser turning off before a light pulse is emitted. A simpler 
method is to fit a known mathematical distribution to the tum-on delay distribution, 
and use an analytical method for estimating the bit-error-rate. A discussion of the 
system performance degradation that can be calculated from the jitter is given in 
section 2.9.
The optical feedback phenomena known as Low Frequency Fluctuations (LFF) 
occurring close to threshold have been identified experimentally and numerically as 
consisting of type II or type in  intermittency. This has been discovered by considering 
the scaling of the average laminar length of the LFFs as the diode laser injection 
current is increased. To discover whether the LFFs are type II or type III the 
distribution of the LFF periods must be calculated with sufficient number of periods 
such that the distribution is very smooth. The type of intermittency can be deduced 
from the slope of the tails of the LFF period distribution.
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The iterative travelling wave model for strong optical feedback has been adapted with 
the addition of a time dependent external cavity phase change to investigate external 
cavity frequency modulated (FM) laser diodes. The laser emission frequency 
calculated in chapter 4 has an additional modulation of a frequency equal to the 
detuning between the external cavity longitudinal mode spacing and the external 
cavity phase modulation frequency. This additional modulation envelope is not seen in 
the experiments. The model must be investigated further to find the cause of this 
frequency and to eliminate it. It may be necessary to adapt the model to a multimode 
one to perform this work.
The sluggish phase conjugate feedback investigated in chapter 7 considered the time 
dependent reflectivity of the phase conjugate mirror by the use of a rise time, 
assuming an exponential response of the phase conjugate reflectivity. To accurately 
model the phase conjugate mirror the multi-wave mixing process forming the 
conjugate reflection must be considered in detail.
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Appendix 1:
Single Mode Rate Equations.
A l.l Explanation of Single Mode Rate Equations.
The behaviour of laser diodes is described by single mode rate equations [1-4]. The 
rate equation for the field E(t) within the laser can be found by considering the 
forward and backward travelling waves together with the optical gain [1], to give
where CD is the angular emission frequency, co^  is the angular emission frequency at 
threshold, Gn is the gain slope, n(t) is the carrier density, and is the transparency 
carrier density. The photon lifetime xph is given by [1,2]
where |ig is the group refractive index, c is the speed of light, cq is the internal losses 
per unit length, R2 is the facet reflectivity, and £ is the cavity length.
The following method for manipulated (A l.l) into rate equations for photon density 
s(t) and phase <|>(t) for ease of numerical solution is described in reference [1]. Two 
simple relationships between the photon density s(t), the electric field E(t), and the 
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(A 1.4)
The photon rate equation is calculated using the relationship
^  = — {E(t)E \t)} = E ( t ) l ^ + E \ t ) ? ^ .  
dt d t l V J dt dt
(A 1.5)
Substituting (A l.l) into (A1.5) gives
E(')E'(t}
dt
0 H(n(t)-n0) — - (A1.6)





The phase rate equation is calculated using the following relationship by 
differentiation of (A1.3),
d ¥ j)
dt s{‘) I dt J
(A1.8)
Inserting (A l.l) into (A1.8) gives
dty(t) 1
dt s(t)
Im< E'(t)E(t) j (  (O -  co„)+ ^ { g , (n(«) -  n„) -  -^-1
2 1 V .
(A1.9)





Taking the imaginary part gives
d§(t)
dt
=  G )-G )rt. (A 1.11)
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The emission frequency changes with carrier density because the refractive index is 
carrier dependent. The relationship between the emission frequency and the carrier 
density is given in [1] as
(co-coJ = - ^ | % - n J ,  (A1.12)
on
where is the emission frequency at threshold, |i is the refractive index, pg is the 
group refractive index, and n^ is the threshold carrier density. The refractive index 
can be split into its real and imaginary parts, thus
H = \i'+j[L". (A1.13)
Equation (A 1.12) is real, therefore
<AU4>on on
Substituting (A1.14), (A1.12) into (A l.l 1) and then splitting the partial derivative 
gives
(A1.15)
dt |l g 3|1 dn
Introducing the linewidth enhancement factor a,
$7-, (A1.16)
and the group velocity vg,
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The imaginary part of the refractive index jj." is given in [1] as
= (A1.19)
47t
where g is the modal gain per unit length. Equation (A 1.19) is differentiated to give
^tL = — (A 1.20) 
dn 4tu dn
Substituting (A 1.20) into (A l.l 8) gives
dty(t) a  dg / x / a i o n= —v ——in —n . ). (A1.21)
dt 2 g dn
Using the gain per unit time G
G = veg , (A 1.22)
gives
a
" dn g dn
(A 1.23)
which when substituted into (A 1.21) results in the phase rate equation.
^  = f  (A1.24)
The rate equation for the carrier density n(t) can be written as
(AL25)
dt ev  t sp
where the addition and loss of carriers is considered. The first term in (A1.25) is the 
injection of carriers by the current into the device. The second term in (A1.25) is the 
decay of carriers by spontaneous emission, with i sp is the carrier lifetime. The third 
term in (A1.25) is the usage of carriers by stimulated emission, and also appears in the 
photon density rate equation.
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In summary the three rate equations describing the diode laser are
(A 1.26)
(A 1.27)
= 0)-C0rt = (A 1.28)
dt
To complete the model a confinement factor T, gain saturation e and spontaneous 
emission are added. The confinement factor is the proportion of the optical field 
within the active region. The gain saturation is due to spectral hole burning. The 
spontaneous emission factor y is the proportion of spontaneous emission falling into 
the lasing mode. The terms Fn(t), Fs(t), F<j>(t) are Langevin noise terms (see appendix 
2) which model the random noise events caused by spontaneous emission of photons.
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Langevin Noise Terms for Modelling 
Spontaneous Emission.
A2.1 Implementation of Langevin Noise.
The photon density s(t) can be written in terms of the electric field E(t) and its 
complex conjugate E*(t) using the following relation,
(A2.1)
which when differentiated gives
dt dt dt 1 dt J
(A2.2)
The rate equation for the electric field within the laser is written as before in appendix 




G„ (n(t) -  n„) — —
2 1
■E(t)+E9 (t) (A2.3)
If (A2.3) is substituted into (A2.2) then the usual rate equation for photon density 
(A1.7) is found but with an additional term for the spontaneously emitted photons [1]. 
The extra term takes the form
(A2.4)
In (A2.4) Re represents taking the real part of the expression in parenthesis. The 
spontaneous emission noise will be applied at time intervals of At, during which Esp(t)
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is held constant at a value Esp. Within a time slot tj to ti+1 with At=ti+1-ti (A2.4) can 
be written as
The second term in (A2.5) is smaller than the first term and can be approximated by 
its mean value, giving
The first term in (A2.7) has zero mean and will form the Langevin noise force Fs(t)
where n is the carrier density, xsp is the carrier lifetime, y is the fraction of 
spontaneous emission into the lasing mode, and T is the overlap betwen the carrier 
distribution and the lasing mode.
The spontaneous emision field Esp is a gaussian random process which can be 
described by [1]
2 R e {r (t)E „ « }  = 2 Re{£* (/,)£„ + A£*(»)£„}, (A2.5)
where
(A2.6)
2Re{£'(t)E„(f)} = 2Re{£‘( t X  + (ae'M E „)}. (A2.7)
[1-4],
F .«  = 2 R e {£ * (fX } . (A2.8)
The second term will form the average spontaneous emission rate Rsp [1],
(A2.9)
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where xl and x2 are gaussian random variables with zero mean and unity variance. For 
sufficiently short At, the correlated part of AE(t) is related to Esp by [1]
j t {A£(»)} = £„ , (A2.12)
which by substituting in (A2.11) and integrating yields
AE(t) = + jx2). (A2.13)
V At
So
(AE*(f)E„) = AE'(t)Elpdt, (A2.14)
which by using (A2.11) and (A2.13) can be evaluated to
(a E’(t)Ev,) = A. (A2.15)
Substituting (A2.15) into (A2.9) gives
A = -2 - .  (A2.16)
2
The Langevin noise source Fs(t) [1-4] is given by placing (A2.16) and (A 2.ll) into 
(A2.8),
m  = 2 R e |£ - ( f , ) ^ ( ^  + ;* ,)}• (A2.17)
E(ti) can be split into its amplitude and phase,
E(t) = (A2.18)
which when substituted into (A2.17) gives
Fs(t) = J ^ ^ x„ (A2.19)
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where
xs = xl cos{<()(ri)}+ x2 sin{<|>(f;)}. (A2.20)
The Langevin noise source for the phase F<f>(t) [1-4] is found by differentiation of 
(A2.18),
= 5fr) }' (A“ ‘>
By substituting (A2.3) into (A2.21) the usual rate equation for the phase (A 1.24) is 
found but with an additional term for the spontaneous emission [1]. The extra term is 
the Langevin noise force for the phase F<j>(t) and takes the form below where Im 
represents taking the imaginary part of the expresion in parenthesis
f *(, ) = Z ) Im {£ ' ( ' ) £ *'’( , ) } ' (A Z22)
Equation (A2.22) can be expressed in a similar way to (A2.5) as
F,(i) = + ( A £ - « £ v )} , (A2.23)
where AE*(t) is given in (A2.6). Placing (A 2.ll), (A2.15) and (A2.16) into (A2.23) 
results in
F + w + > 2 ) + A f  (A2,24)
Again splitting the field into photon density and phase results in the Langevin noise 
force F(j)(t)[l-4] for the phase being given as
where
x^  = - X! sinj^rjj-i-x, cos{<t>(0}- (A2.26)
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It is noted that Xg and x$ are also gaussian random variables with zero mean and unity 
variance, (*,2 ) = (**) = 1.
Finally the Langevin noise force for the carrier rate equation can be written as
FAt) = ~F,(t)+F,hJ t ) ,  (A2.27)
where Fshot(t) is the carrier shot noise, given by [3]
( A i2 8 )
with V representing the active region volume. Thus the carrier Langevin noise source 
is given by [2,3]
0 =  2s(0R
" v  At ' V xv AtV "
Equations (A2.19), (A2.25) and (A2.29) form the noise forces required in the rate 
equations of appendix 1 to simulate the noise processes within the laser diode [1-4].
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Computer Simulation of Single Mode 
Rate Equations.
A3.1 Numerical Solution.
The single mode rate equations for a semiconductor laser with optical feedback are 
given in chapter 2 (2.19)-(2.22) for conventional mirror optical feedback, and in 
chapter 6 (6.17M6.20) for phase conjugate optical feedback. A flow diagram showing 
the method for solving the rate equations is shown in fig. A3.1. A routine written by 
NAG (Numerical Algorithms Group) for solving ordinary differential equations is 
used [1], The solution routine uses a Runge-Kutta-Merson solution method [2]. The 
output time interval and solution accuracy are specified by the user, before calling the 
NAG routine. Langevin noise sources as in chapter 2 (2.23)-(2.25) are added and are 
applied at intervals At. The Langevin noise application interval At need not be the 
same as the data output interval. The program works by successively calculating the 
rate equation derivatives (dn/dt, ds/dt and d<|>/dt) and using them to calculate the 
carrier density n(t), photon density s(t), and electric field phase <|>(t) at intervals of the 
output step. The optical feedback is modelled by storing the time series of the output 
power PD(t) in a large single dimension matrix. This matrix serves as a library of past 
output powers to use as reflection data. When the injection current I(t) rises the 
simulation time is recorded, and the computer awaits the simulation time at which the 
output power pulse occurs. The time difference between the two times is used to 
calculate the turn-on delay Ton. The turn-on delays are stored for later use to calculate 
the turn-on delay jitter, gt . The simulation then moves on to the next time output 
step.
Unfortunately, the single mode rate equations become a very stiff system when the 
Langevin noise terms for spontaneous emission are used. This can result in long 
solution times when long time series (more than 100 ns) of output data are required. 
Numerical integration methods other than the Runge-Kutta-Merson method, may
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reduce the calculation time. The numerical solutions are calculated on a Hewlet 
Packard Series 700 workstation. The programming language used is Fortran 77.
Numerical accuracy of the simulations is checked by repeating the investigations using 
different iteration steps and various values of the accuracy tolerance parameter used 
in the Runge-Kutta-Merson ordinary differential equation solving routine.
Next time step?
Calculate turn-on delay
Put values to laser parameters
Calculate Modulation current
Calculate spontaneous emission noise
Calculate photon and carrier density and light phase
Calculate laser output power and emission frequency
Calculate optical feedback from delayed laser output power
Store laser output power, emission frequency and tum-on delay
Calculate rates of change of photon and current densities and light phase
Calculate relative intensity noise, intensity noise spectrum, tum-on delay distribution, 
tum-on delay jitter, output power distribution, linewidth and emission spectrum.
Runge-Kutta solution
Fig. A3.1: Flow Chart of Numerical Solution of the Single Mode Rate Equations for a Laser Diode
with Weak Optical Feedback.
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A3.2 Postprocessing.
Once the simulation has been performed the output data consists of only the injection 
current I(t), carrier density n(t), photon density s(t), electric field phase <|>(t) and 
output power PD(t) at fixed time intervals. Further information such as the Relative 
Intensity Noise (RIN), the output power fluctuations frequency spectrum RIN(f) (the 
frequency dependence of the RIN), the output power fluctuation probability density 
function (pdf), the spectral density of the frequency fluctuations S<j>(co), the emission 
spectrum SE(co), and tum-on delay jitter aT must be calculated. All the above 
information requires long time series of data (greater than 100 ns) so can only be 
found after the solution of the rate equations has finished.
The Relative Intensity Noise is calculated from a long time series of the output power
is obtained by Fourier analysis of a long time series of the output power. A Fast 
Fourier Transform (FFT) is used for this purpose. The output power time series PD(t) 
is also used to calculate the output power probability distribution. The spectral density 
of the frequency fluctuations S<]> (6.29) defined by
is calculated using an FFT of a long time series of the emission frequency co(t). The 
laser emission spectrum defined by
P0(t) using (5.10)
RIN. m 2-Po{tf (A3.1)
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is obtained by taking an FFT  o f the com plex electric field  E(t). The tum -on delay jitter 
is calculated from  the stored values o f  tum -on delay using the following from chapter 
2 (2.27),
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Computer Simulation of Iterative 
Travelling Wave Model for Strong 
Optical Feedback.
A4.1 Numerical Solution.
The iterative travelling w ave m odel fo r a  sem iconductor laser w ith strong optical 
feedback is given in chap ter 3 (3.38)-(3.41). A  flow  diagram  showing the m ethod for 
solving the iterative equations is show n in fig. A 4.1. The iteration tim e step is the 
sam e as the laser internal cavity round trip tim e tl . Langevin noise sources as 
described in chap ter 3 (3 .45)-(3 .46) are added a t each iteration step. A t each iteration 
step the value o f  the electric field leaving the laser facet A+(t) is calculated from the 
m ultiple reflections from  the external cavity. The carrier density n(t) is also modelled 
using an iterative equation. The photon density s(t) and ou tpu t pow er PD(t) are 
calculated as in chap ter 3 (3 .42)-(3.44). The optical feedback is m odelled by storing 
the tim e series o f the electric field  A+(t) in a  large single dim ension matrix. This m atrix 
serves as a  library o f  the past values o f  the electric field to  use as reflection data.
The iterative equations are m uch m ore efficient in term s o f  com puting tim e than the 
single m ode rate  equation calculations described in appendix 3. The enhancem ent can 
be up to  ten  tim es quicker, allowing the sim ulation o f  m uch longer tim e series o f  data 
(several 100 (is). The num erical solutions are calculated on a  H ew let Packard Series 
700 w orkstation. The program m ing language used is Fortran  77. The calculation o f 
additional da ta  such as Relative Intensity Noise (RIN ), ou tpu t pow er fluctuations 
spectrum  (R IN  spectrum ), spectral density o f the frequency fluctuations S<j>(cq), and 
the laser em ission spectrum  Se (gd) are discussed in  section A3.2 o f  appendix 3.
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Next time step?
Calculate Modulation current
Calculate electric field phase
Put values to laser parameters
Calculate spontaneous emission noise
Calculate multiple reflections from external cavity
Calculate laser output power and emission frequency
Calculate photon density and new value of carrier density
Calculate new value of right moving field leaving laser facet
Store right moving field leaving laser facet for use as future reflections
Calculate relative intensity noise, intensity noise spectrum, turn-on delay distribution, 
tum-on delay jitter, output power distribution, line width and emission spectrum.
Fig. A4.1: Row Chart of Numerical Solution of the Iterative Travelling Wave Model for a Laser
Diode with Strong Optical Feedback.
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The Effect of External Optical Feedback on 
the Turn-On Delay Statistics of 
Laser Diodes Under Pseudorandom Modulation
L. N. Langley and K. A, Shore
Abstract—The turn-on delay statistics of laser diodes with 
optical feedback are investigated by numerical modeling. Under 
pseudorandom modulation the optical feedback causes an in­
crease in the average turn-on delay and multiplies the jitter 
considerably. The jitter increase due to optical feedback is 
largest at higher bias currents. Optical feedback from an exter­
nal reflectivity of greater than 0.1% can destroy the pattern 
effects which occur for some operating conditions.
I. Introduction
T HE tum-on delay jitter plays a significant role in 
determining the system performance of semiconduc­
tor lasers and has been investigated both experimentally
[1]—[3] and using numerical simulations [3]—[6]. The tum- 
on delay jitter is caused by spontaneous emission induced 
intensity noise in the laser optical output [lJ-[6]. Random 
starting points for the rise in optical power at the onset of 
a pulse ensures that the tum-on delay is also random, 
giving rise to jitter. The tum-on delay jitter is greater 
when the laser is biased below threshold [21—[6] and 
decreases for increasing bias current above threshold 
[2j-[5]. During pseudorandom modulation pattern effects 
become important and can cause the tum-on delay proba­
bility distribution function (pdf) to become double peaked, 
resulting in a very large jitter [5], [6].
The system performance of semiconductor lasers sub­
ject to directly intensity modulation can be significantly 
degraded due to external optical feedback of the levels 
typical in optical communications systems [71—[10]. At 
large feedback levels the so-called “coherence collapse” 
regime may occur in which there is a very large amplitude 
intensity noise in th laser output power [8]—[10]. External 
optical feedback has been investigated both by numerical 
simulations [9], [10J and experimentally [8].
In the present letter external optical feedback and 
tum-on delay jitter are considered in conjunction for 
directly modulated semiconductor lasers under pseudo­
random modulation. Recent work has shown that moder­
ate optical feedback enhances the tum-on delay jitter in 
semiconductor laser diodes [11]. The spontaneous emis-
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was undertaken in a U K  SE RC  CASE project supported  by N orthern  
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sion induced intensity noise in the laser output causes the 
tum-on delay fluctuations; therefore, it is expected that 
external optical feedback will also influence the tum-on 
delay and jitter as it also introduces intensity noise into 
the laser output.
II. Laser Model and Numerical Solution
The laser model used in this investigation is appropriate 
to a distributed feedback laser typically used in optical 
communications systems [10]. H ie rate equations are 
single-mode and include optical feedback and Langevin 
noise terms as follows:
dn I ( t ) n
—  = —  -  —  -  sGn(n  -  n ,)( 1 -  es) +  Fn( t ) (1) 
ds yn T  s
—  = -----------------+ sGn(n  -  /i,)r(l -  es)dt Tsp Tph
+ 2 k eJs yls ( l -  r „ )  cos(A (/)) + F,(l) (2)
J s ( t  -  Tgjjj)
-  K  - -f c - sin ( A(O) + F ,( f ) (3)
where
A(f)  =  &>0rexl -I- 0ext -I- -  rext) (4)
and
In the rate equation n (t) is the carrier density, s ( t)  is 
the photon density, 0 (f)  is the electric field phase, 7(f) is 
the injection current, and e is the. electronic charge. 
Typical laser parameters for a DFB laser are used where 
V  is the active region volume (1.5 X 10-16m3), rsp is the 
carrier lifetime (2 ns), Gn is the gain slope (2.125 X  
10~12m3s-1), n, is the threshold carrier density (4 X  
10-23m -3), e is the saturation parameter (3 X  10_23m3), 
y  is the spontaneous emission factor (1 X  10~5), Tph is 
the photon lifetime (2 ps), T is the confinement factor 
(0.4), a  is the linewidth enhancement factor (5.5), na is 
the transparency carrier density (9.9 X lO ^m -3), <u is the
1041-1135/92$03.00 © 1992 IE E E
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operating frequency (=  1.55 /xm), R2 is the laser facet 
reflectivity (0.309), 77 is the laser to fiber coupling effi­
ciency (0.4), and tl is the laser cavity round trip delay (9 
ps). In the optical feedback terms, Rexl is the external 
reflector reflectivity, Text is the external cavity round trip 
delay (1.7 ns) and Q xt is the phase change in the external 
cavity (0 rad). The Langevin noise terms, Fn(t), Fs(t), and 
Fj.t), are calculated as in Schunk and Petermann [9] or 
Clarke [10].
The rate equations with external optical feedback and 
Langevin noise terms are solved numerically using a 
variable-step, variable-order Runge-Kutta algorithm. 
Pseudorandom modulation in the GHz frequency range is 
modeled for the NRZ format. The threshold current, 7th, 
is 12.0 mA. An injection current of 3.5 /th is used for the 
logic one state, corresponding to an output power of 2 .0  
mW. The laser and drive circuit parasitics are modeled by 
exponential current rises and falls.
The tum-on delay is defined as the time taken between 
the increase in injection current and the output power 
passing 50% of the logic one state output power when 
there is no optical feedback. The tum-on delay jitter is 
defined as the standard deviation of the tum-on delay 
probability distribution function (pdf). The number of 
data bits used to calculate the tum-on delay pdfs is 1 0 0 0 . 
The errors in the calculated values of average tum-on 
delay and jitter introduced by using this number of sam­
ples are smaller than the changes seen in these two 
quantities when optical feedback is introduced.
III. P s e u d o r a n d o m  M o d u l a t i o n
A data stream of random data bits is used to modulate 
the laser. Fig. 1 shows how the average tum-on delay, Ton, 
and jitter, oy, change with increasing external optical 
feedback, for a bias current, Ib, 26% above threshold and 
modulated at 2 GHz. The average tum-on delay increases 
by a few percent as the level of the optical feedback 
increases. The jitter increases several fold as the level of 
the optical feedback increases.
The increases in the average tum-on delay and jitter 
seen in Fig. 1 are seen in the changing shape of the 
tum-on delay probability distribution function (pdf), shown 
in Fig. 2. Several turn-on delay pdfs are shown for in­
creasing optical feedback. The modulation frequency in­
vestigated is sufficiently high to prevent the carrier density 
relaxing to its steady-state value during a single logic zero 
bit. Hence, different tum-on delays occur, depending on 
the number of preceding zero bits, and double peaks 
known as pattern effects are seen in the tum-on delay pdf 
with no external optical feedback present [6 ]. At lower 
frequencies the carrier density reaches its steady state 
value during a single logic zero bit, thus preventing pat­
tern effects and giving a Gaussian tum-on delay pdf [2], 
Such pattern effects also depend upon the device parame­
ters and particularly the carrier lifetime. For shorter car­
rier lifetimes pattern effects will occur only at higher 
modulation frequencies. In addition, the pattern effect is 
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Fig. 1. Average tum-on delay and jitter for increasing external reflec­
tivity ( /bi„  -  1.26 /,„, fm = 2 GHz).
Fig. 2. 1 um-or. delay distribution for increasing external reflectivity
(/*„  = 1.26 = 2 GHz).
fects in the RZ format occurring at lower frequencies 
compared to the NRZ format. This is because for the RZ 
format the current returns to its lower value for part of 
the bit period so that the carrier density has insufficient 
time to relax to the steady state value. Fig. 2 shows that at 
low levels of optical feedback the two peaks are broad­
ened but remain distinguishable. At high levels of optical 
feedback the tum-on delay pdf is changed into a Gaussian 
shape. The two peaks have been broadened so much that 
they have been destroyed, but at the expense of increased 
jitter.
At lower bias currents, the jitter is already large due to 
spontaneous emission noise, therefore the increase in 
jitter due to optical feedback is less at lower bias currents. 
The effect of changing the logic zero state bias current is 
shown in Fig. 3 for fixed optical feedback of external 
reflectivity, Rcxt = 0.005. The modulation frequency is 2 
GHz. It can be seen that the average tum-on delay with 
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Fig. 3. Average turn-on delay and jitter with ( R ext = 0.005) and without 
optical feedback =  0) for increasing bias current ( / m = 2 GHz).
feedback is present. The jitter without optical feedback 
decreases as the bias current increases. However, the 
jitter with optical feedback increases as the bias current 
increases. At low bias currents the jitter is already rela­
tively large due to spontaneous emission. Therefore, the 
increase in jitter due to optical feedback is larger at high 
bias currents than at low bias currents. This leads to the 
increasing difference between the jitter with and without 
optical feedback seen in Fig. 3.
IV. Conclusion
Laser diodes operating under pseudorandom modula­
tion conditions and subjected to optical feedback of the 
levels typical in communication systems have an increased 
average tum-on delay and a dramatically increased jitter. 
The increase in jitter due to optical feedback is greatest at 
higher bias currents. Even at relatively low optical feed­
back the increase in jitter can be large enough to destroy 
the pattern effects often seen in the turn-on delay proba­
bility distribution function during pseudorandom modula­
tion.
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The Effect of External Optical Feedback on 
Timing Jitter in Modulated Laser Diodes
Lloyd N, Langley and K. Alan Shore, Member, IEEE
Abstract—Laser diodes with optical feedback are numerically 
modeled using single-mode rate equations. The effects of the 
optical feedback on the pulse turn-on delay and timing jitter 
are examined, for gain-switching, periodic and pseudorandom 
modulation formats. It is shown that there is a change in turn­
on delay and a considerable increase in the timing jitter due to 
the changes in the output power distributions as optical feedback 
increases. The cause of the increased jitter is found to be the 
additional intensity noise introduced by the optical feedback.
I . I n t r o d u c t i o n
C ONSIDERABLE effort has been given to studying the 
effects of noise on the turn-on delay jitter which plays 
a significant role in determining the system performance of 
semiconductor lasers. Both experimental [1]—[6] and numer­
ical simulations [5]—[10] have been used to investigate the 
tum-on delay jitter. The tum-on delay is the finite time between 
the application of an increase in injection current into the laser 
and the leading edge of the resultant optical pulse. The tum-on 
delay jitter is a measure of the variations in the tum-on delay 
and is defined as the standard deviation of the tum-on delay 
probability distribution function (pdf). The tum-on delay jitter 
is caused by spontaneous-emission-induced intensity noise in 
the laser optical output [1]—[10]. The carrier and photon 
fluctuations ensure that the rise in optical power at the onset 
of a pulse begins from a random starting value. Thus the time 
taken for the light pulse to be emitted is also random, resulting 
in different tum-on delays for each pulse. The tum-on delay 
jitter is significantly larger in distributed feedback lasers than 
in Fabry-Perot lasers [3], [6], [10]. It has been demonstrated 
that this is due to the rapidity of tum-on [10]. The rate of 
increase of the photon number during tum-on is lower in DFB 
than in Fabry-Perot lasers. Hence, a noise-induced change in 
the starting point for the photon number rise causes a larger 
change in the tum-on delay in a DFB laser, resulting in a 
larger value of jitter. The tum-on delay jitter degrades the laser 
performance by reducing the temporal resolution of the optical 
pulses. Analytical expressions for tum-on delay jitter have 
been found [4]-[6], [9] and lead to calculations of both the 
jitter-induced system bit-error rate and power penalty [5], The 
tum-on delay jitter is greater when the laser is biased below 
threshold [1], [2], [5]—[9], [19] and decreases for increasing 
bias current abpve threshold [5]-[7], [8] but at the expense of
Manuscript received June 17, 1992; revised October 12, 1992. This work 
was undertaken in a UK SERC CASE project supported by Northern Telecom, 
Paignton, Devon, UK.
The authors are with the School of Electronic and Electrical Engineering, 
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reduced on/off ratio. Recent work has focused on the shape 
of the tum-on delay pdf and the dependence of the jitter on 
modulation frequency. For periodic modulation the tum-on 
delay pdf has been found to be approximately Gaussian in 
shape for bias currents both above and below threshold [5], 
[9]. For pseudorandom modulation, pattern effects become 
important and can cause the tum-on delay pdf to become 
double-peaked when the laser is operated above threshold, 
resulting in a very large jitter [8], [9]. There exists a value 
of bias current just below threshold at which pattern effects 
are negligible and the tum-on delay pdf is an approximately 
Gaussian shape for pseudorandom and periodic modulation
[9]-
The system performance of semiconductor lasers subject to 
direct intensity modulation can be significantly degraded due 
to external optical feedback. Much attention has been given to 
the dramatic changes in noise properties of the laser which can 
occur for feedback levels typical of optical communications 
systems [11]—[19]. Five regimes have been identified in which 
the semiconductor laser can operate when subjected to external 
optical feedback, depending on the strength of the feedback 
and the distance to the reflection [12]. At low feedback levels 
linewidth narrowing can occur but at larger feedback levels 
the so-called “coherence collapse” regime may occur. The 
“coherence collapse” regime is deterministic and chaotic, with 
the route to chaos being quasi-periodicity [13]. In the “coher­
ence collapse” regime there is a very large amplitude intensity 
noise in the laser output power, and a large broadening of 
the optical field power spectral density [12], [14]—[16]. The 
intensity noise can significantly reduce the performance of 
optical communications systems due to the generation of false 
information bits, resulting in large power penalties. External 
optical feedback has been investigated both by numerical 
simulations [14], [15], [18], [19] and experimentally [11], [12], 
[16]. It has been found that very low external reflectivities such 
as occur from the connector on the fiber pigtail of a laser diode 
module can cause the laser to enter the very noisy “coherence 
collapse” regime.
In the present paper external optical feedback and tum- 
on delay jitter are considered in conjunction for directly 
modulated semiconductor lasers. Recent work has shown that 
moderate optical feedback enhances the tum-on delay jitter 
in semiconductor laser diodes [18]. It is the spontaneous 
emission-induced intensity noise in the laser output that causes 
the tum-on delay fluctuations, therefore it is expected that 
external optical feedback will also effect the tum-on delay and 
jitter as it also introduces intensity noise into the laser output.
0733-8724/93$03.00 ©  1993 IEEE
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These two effects are investigated by numerical simulation 
o f  the single-mode rate equations for a typical distributed 
feedback laser. The model takes into account both external 
optical feedback and Langevin noise terms. It is shown that 
external optical feedback gives rise to markedly different 
changes in the tum-on delay jitter for pseudorandom and 
periodic modulation formats.
Section II o f this paper describes the numerical model 
used to investigate the effect o f  external optical feedback on 
the tum-on delay jitter. Section III presents the results in 
three parts for gain-switching, periodic, and pseudorandom 
modulation regimes, respectively. Gain switching is consid­
ered as a form o f digital modulation where each o f the bits 
is independent o f the previous one and allows the effects 
o f external optical feedback to be considered alone. Thus 
pattern effects which may arise in pseudorandom modulation 
are avoided. Section IV states the conclusions and makes 
recommendations for practical systems.
II. La se r  M o d e l  a n d  N um er ic a l  Solu tio n
The laser model used in this investigation is appropriate to 
a distributed feedback laser typically used in optical commu­
nications systems [15]. The system configuration is shown in 
Fig. 1. The rate equations are single-mode and include optical 
feedback and Langevin noise terms as follows:
~  ^  ~  -  sG n (n  -  n t )( 1 -  es) -I- Fn (t)  (1)
ds  7 n T  s  _  .
—  = -------------------I- s G n (n  -  n t) r ( l  -  es)
dt Tgp Tph
+  2k cy /s y / s ( t  -  Text) COS (A (f))  +  F a(t)  (2)
^  = ?G„(n_ no)r_ * ^ r a
where
and
sin (A ( t) )  -I- F ^ t )
(3)
A (f) =  WoText +  0ext +  4>{t) -  <f>{t -  Text)
kr = (1 -  R2)y/Rextf] VR2TL
(4)
(5)
In the rate equations n ( t)  is the carrier density, s (t)  is the 
photon density, <f>(t) is the electric field phase, 7 (f) is the 
injection current, and e is the electronic charge. The laser diode 
parameters are given in the Table I. In the optical feedback 
terms, R ^ t  is the external reflector reflectivity, rext is the 
external cavity round trip delay, and 0ext is the arbitrary phase 
change in the external cavity. An external cavity round trip 
delay o f 1.7 ns is used which corresponds to reflections from 
a fiber pigtail o f 17-cm length and the arbitrary phase change 
in the external cavity is assumed to be zero. The choice of 
Text =  1 7  ns introduces external cavity modes o f spacing 
1 / T ex t — 0 - 6  GHz into the intensity spectrum. Resonance 





Fig. 1. Schematic diagram of the laser with optical feedback from the far 




V Active region volume 1.5x10 “  m*
V C arrier lifetime 2 ns
G. G ain slope 2.125x1011 m V 1
n. Threshold carrier density 4x10“  mJ
e Saturation param eter 3x10 “  m*
T Spontaneous emission factor 1x10"*
r Confinement factor 0.4
v Photon lifetime 2 ps
a Linewidth broadening factor 5.5
n. Transparency carrier density 9.9x10”
Operating wavelength *1.55 pm
R, Laser facet reflectivity 0.309
n Laser to fibre coupling efficiency 0.4
Laser cavity round trip time 9 ps
n. Q uantum  efficiency 0.4
frequency are avoided because the modulation frequencies o f  
interest in this work are 2 - 4  GHz. The model represents 
the worse-case situation because the assumption in the rate 
equations is that the reflected light has the same polarization 
as the emitted light.
The Langevin noise terms are calculated as follows:
Fn(t) =  ~
25(fi)7«r 
T8p At
x .  +
2n (< i)
r ,pA
K(t)= 2 S ( t i ) y n rr apA t
F*<‘> =






Here, s(U ) is the photon density at the start of the interval 
A t ,  n ( t i )  is the carrier density at the start of the interval 
A t ,  and x n , x s , x #  are Gaussian distributed random variables 
with zero mean and unity variance. The Langevin noise in 
the photon and electric field phase rate equations is due to 
the random nature o f the spontaneous em ission process. The 
Langevin noise in the carrier rate equation is due to the shot
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noise nature of the injection current and spontaneous as well 
as stimulated recombination.
The rate equations with external optical feedback and 
Langevin noise terms are solved numerically using a variable- 
step, variable-order Runge-Kutta algorithm. To evaluate the 
reflection terms in the rate equations, values of photon density 
and electric field phase calculated at an earlier solution step 
are required. Thus at each solution step the values of photon 
density and electric field phase are recorded for use at a 
later solution step. The number of solution steps between the 
recording and the use of these values is equivalent to the 
external cavity round-trip delay. Langevin noise is modeled 
by applying random noise forces as calculated in (6)-(8). 
The Gaussian distributed random variables x n, x a, and 
are calculated at the start of, and are held constant throughout, 
each Langevin noise application interval A t. The interval A t  
is chosen to be 20 ps. This results in a power spectral density 
for the noise which has its first zero at a frequency 1/Af =  50 
GHz. The noise forces should describe a white noise spectrum 
at least up to the relaxation oscillation frequency [17]. The 
influence of A t  on the power spectral density of the noise 
is discussed by Schunk and Petermann [17, appendix A]. 
The 3-dB frequency is found to be approximately 22 GHz, 
which is several times the maximum relaxation oscillation 
frequency encountered in the following investigations. Hence 
the condition that the noise spectrum is white up to a frequency 
greater than the relaxation oscillation frequency is satisfied.
Pseudorandom-modulation and periodic-modulation injec­
tion current formats in the gigahertz modulation frequency 
range are modeled; also gain switching is considered. The 
semiconductor laser and drive circuit parasitics are modeled 
by exponential current rises and falls. The threshold current is 
12.0 mA. An injection current of 3.5/th is used for the logic 
one state, corresponding to an output power of 2.0 mW.
The output power per facet passed into a fiber pigtail 
is calculated from the photon density using the following 
equation, with h being Planck’s constant:
the tum-on delay pdf, and is calculated as below
n _ riqvohvs(t)V 
-  4 jiT rph ' (?)
The optical tum-on delay for each transition from the logic 
zero state up to the logic one state is recorded. The tum- 
on delay is defined as the time taken between the increase in 
injection current and the output power passing 50% of the logic 
one state output power when there is no optical feedback. This 
power level is termed the logic decision power. The number 
of data bits used in this paper to calculate the tum-on delay 
pdfs is 1000 for the periodic and pseudorandom modulation 
formats, and 100 for the gain-switching modulation format. 
Using these limited numbers of samples of the tum-on de­
lay, the randomness of the noise processes investigated will 
introduce errors into the calculated values of the average tum- 
on delay and jitter. Repeated simulations for identical bias, 
modulation, and reflection conditions suggest that errors of 
up to ±0.5% in the average tum-on delay and ±2.5% in the 
jitter can be expected. These errors are much smaller than the 
changes seen in these parameters as optical feedback increases. 
The tum-on delay jitter is defined as the standard deviation of
= \
Y .  (Ton(m) -  TonYm=l (10)
where Ton is the average tum-on delay, Ton(m) are the tum-on 
delays calculated from the numerical simulation, and n is the 
number of tum-on events used in the calculation.
III. T u r n -O n  Jitter  w ith  E x t e r n a l  Fe e d b a c k
A. Gain-Switched Lasers
In this modulation format single current pulses are used 
to modulate the laser, with sufficient time between them so 
that both carrier and photon densities have time to relax to 
their steady-state values before the onset of the next pulse. 
This ensures that each optical pulse is independent from the 
previous pulse. Fig. 2(a) and (b) shows how the average tum- 
on delay and jitter change with increasing external optical 
feedback, for a bias current of 26% and 10% above threshold, 
respectively. The average tum-on delay increases by a few 
percent when optical feedback is present for all bias currents 
above threshold. The shape of the graph of average tum-on 
delay shows a rise as external reflectivity increases. The tum- 
on delay increase is largely independent of the bias current. 
It is possible to decrease the average tum-on delay to a 
value below that of no optical feedback at some combinations 
of external reflectivities and operating conditions. This is 
achieved at an external reflectivity of below 10-4 for the 
26% threshold bias current of Fig. 2(a). The tum-on delay 
jitter increases dramatically as the level of optical feedback 
increases. The jitter without optical feedback is lower at lower 
bias currents. The value of the jitter with no optical feedback 
is 3.1 ps at a bias current 10% above threshold. This value is 
close to an experimental value of approximately 4 ps obtained 
by Weber et a l for the same value of current pulse of 3.5/th 
and similar modulation conditions [6], The dramatic increase 
in jitter occurs at a higher external reflectivity when the laser is 
biased closer to threshold. Close to threshold there is already 
a large jitter due to spontaneous emission noise. Therefore, 
small amounts of optical feedback do not increase the jitter 
significantly. The values of jitter obtained in the simulation 
at large levels of optical feedback are similar to the value 
of 20.7 ps obtained in simulations by Wu and Chang for an 
external reflectivity of Rext =  0.005 [18]. Both the tum-on 
delay changes and jitter increase are seen in the changing shape 
of the tum-on delay pdf as optical feedback increases, shown in 
Fig. 2(c), for a bias current 10% above threshold. The tum-on 
delay pdf is approximately Gaussian for all bias currents with 
no external optical feedback and remains so when external 
optical feedback is added. The tum-on delay pdf becomes 
considerably broadened when the external reflectivity exceeds 
lO” 4.
The mean intensity evolution together with the intensity 
standard deviation are shown in Fig. 2(d) for bias currents 10% 
and 26% above threshold. The graph shows the evolutions with 
and without optical feedback. As expected, the mean intensity
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Fig. 2. (a) Average turn-on delay and jitter for increasing external reflectivity for the gain-switching modulation format (/bias =  1 2 6 /th )• (b) Average
tum-on delay and jitter for increasing external reflectivity for the gain-switching modulation format (/bias =  1-1/th)- (c) Tum-on delay distribution for 
the gain-switching modulation format for increasing external reflectivity (/bias =  1.1 Ah), (d) Mean intensity evolutions and the standard deviation of 
the intensity under gain-switching modulation for no optical feedback and with optical feedback from an external reflectivity of R ex t =  0.01 at bias 
currents of 10% and 26% above threshold.
evolution is slower at lower bias current. Optical feedback is 
seen to increase the intensity standard deviation, seen as jitter, 
and also slows down the mean intensity evolutions.
To explain these results it is recalled that optical feedback 
produces large amounts of intensity noise in the optical output 
power. The intensity noise is induced by the behavior o f the 
laser when external optical feedback is introduced. This causes 
the output power pdf to be wider. Hence the spread o f possible 
starting points for the carrier and photon density rises during 
the tum-on process is wider also, resulting in a broader tum-on 
delay pdf, seen as an increase in the jitter. It is well known 
that optical feedback increases the average output power by a 
small amount. Therefore, on first inspection, the average tum- 
on time would be expected to be decreased by external optical 
feedback, due to the smaller increase in carrier and photon 
densities required for the output power to exceed the logic 
decision power. Fig. 3(a) shows the output power pdf for a bias 
current 26% above threshold, which corresponds to an average 
output power o f 0.2 mW. When no optical feedback is present 
the output power pdf is approximately Gaussian. The width o f  
the output power pdf is approximately equal to the mean value
which agrees with experiments performed at relatively low  
output power [20]. However, the output power pdf is no longer 
approximately Gaussian when reflections induce large output 
power fluctuations. This changed shape is because the time to 
recover to the average value is longer when the output light 
power is displaced below the average than when it is displaced 
above it. Hence the temporal power waveform appears to 
be spiked, as shown in Fig. 3(b), with longer periods o f  
below-average power between the spikes, resulting in the non- 
Gaussian output power pdf’s in Fig. 3(a) as external optical 
feedback increases. Therefore, since the average power has 
increased, the tum-on delay when starting from the average 
output power is decreased. However, since external optical 
feedback causes more time to be spent below the average 
output power than above it, the average tum-on delay is 
increased. The non-Gaussian output power pdf at high optical 
feedback does not prevent the tum-on delay pdf from being 
approximately Gaussian in shape. The sudden broadening o f  
the tum-on delay pdf when the external reflectivity exceeds 
10“ 4 is caused by the high levels o f  intensity noise than occurs 
as the laser enters the “coherence collapse” regime.
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Fig. 3. (a) Output power distribution for increasing external reflectivity 
at constant current (/bias =  1 .26/th. F o u t  =  0-2 mW). (b)
Output power waveform for constant current and high optical feedback 
(/bias =  1 2 6 / th , P q u t  =  0.2 mW, R*xt =  0.01).
B. Periodically M odulated Lasers
In this modulation format a data stream of alternating logic 
zero and logic one data bits is used to modulate the laser. 
The starting point for the power rise in each optical pulse 
is determined by the relaxation oscillations from the previous 
pulse. Fig. 4(a) shows how the average turn-on delay and jitter 
change with increasing external optical feedback, for a bias 
current 26% above threshold and a modulation frequency of 
2 GHz. Fig. 4(c) shows the same parameters for 10% above 
threshold modulated at 2 GHz. Fig. 4(a) shows that the average 
tum-on delay is increased by a few percent by optical feedback 
for 26% above threshold and a modulation frequency o f  2 
GHz. At lower bias currents (Fig. 4(c)) and also at higher 
modulation frequencies the average tum-on delay decreases 
as optical feedback increases, but the change from that where 
no optical feedback is present is not as large as in the high bias 
current, low modulation frequency case o f Fig. 4(a). Increasing 
the modulation frequency changes the initial starting point for 
the power increase in the next optical pulse by allowing less 
of the relaxation oscillation to occur between pulses. The tum- 
on delay jitter increases dramatically as the level o f external 
optical feedback increases (Fig. 4(a)). The jitter increase is 
larger at higher bias currents (Fig. 4(c)). Further investigations 
show that the jitter increase is larger at higher modulation 
frequencies. The graphs o f average tum-on delay and jitter 
do not show smooth changes as the level o f  optical feedback
is increased. A  possible reason for the peaks and troughs in 
the curves is that the optical-feedback-induced intensity noise 
does not always increase smoothly as the external reflectivity 
increases [15].
The above effects are seen in the changing shape o f the 
tum-on delay pdf as optical feedback increases, shown in Fig. 
4(b) and (d), for a bias current 26% and 10% above threshold, 
respectively. The modulation frequency is 2 GHz in both cases. 
The tum-on delay pdf remains approximately Gaussian for low  
feedback levels but changes to a very wide Gaussian pdf at 
high optical feedback levels. There appears to be a transition 
stage for moderate optical feedback levels where the turn­
on delay pdf becom es highly non-Gaussian in shape and can 
even become double-peaked. The ievels o f  optical feedback 
at which the tum-on pdf’s are highly non-Gaussian are the 
same at which the average tum-on delay and jitter graphs do 
not show smooth changes. Hence the two observations are 
likely to be linked. A  multiple-peaked pdf means that there is 
an effect taking place which causes two or more most likely 
starting points for the power rise in the pulses. The increase in 
jitter caused by optical feedback results again from the large 
amounts of intensity noise that optical feedback introduces.
The mean intensity evolution together with the intensity 
standard deviation are shown in Fig. 4(e) for bias currents 10% 
and 26% above threshold. The graph shows the evolutions 
with and without optical feedback and looks similar to that 
for the gain-switched modulation format, but the spread in the 
evolutions is wider. The intensity standard deviation during 
optical feedback has similar values to that under gain-switched 
modulation, even though the intensity standard deviation with­
out optical feedback is larger in the periodic modulation 
regime.
C. Pseudorandomly M odulated Lasers
In this modulation format a data stream o f  random data 
bits is used to modulate the laser. Fig. 5(a) shows how  
the average turn-on delay and jitter change with increas­
ing external optical feedback, for a bias current 26% above 
threshold and modulated at 2 GHz. Fig. 5(c) shows the same 
parameters for 10% above threshold modulated at 2 GHz. 
The average tum-on delay increases by a few percent for 
high bias current (Fig. 5(a)). At low bias currents the tum-on 
delay is virtually unchanged (Fig. 5(c)). At high bias currents 
the tum-on delay jitter increases dramatically as the level o f 
optical feedback increases. The increase is greater at lower 
modulation frequency, and is less than in the gain-switching 
and periodic modulation regimes. At low bias currents the jitter 
remains virtually unchanged. The value o f the jitter without 
any optical feedback at a bias current 10% above threshold is 
19 ps. This can be compared to an experimental value obtained 
by Shen [5], whose value under pseudorandom modulation 
conditions at 1 GHz was 32 ps. The relatively lower value 
obtained in the simulation may be attributed to the presence 
of less spontaneous emission noise. This may occur by either 
using a lower value for the spontaneous emission factor, or by 
operating at a bias current further above threshold.
The above effects are seen in the changing shape of the tum- 
on delay pdf as optical feedback increases, shown in Fig. 5(b)
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Fig. 4. (a) Average turn-on delay and jitter for increasing external reflectivity for the periodic modulation format (/bias =  1 .26 /t h ,/m  =  2 GHz), (b) 
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deviation of the intensity under periodic modulation for no optical feedback and with optical feedback from an external reflectivity of /A xt =  0.01 at






and (d). At the modulation conditions investigated the tum- 
on delay pdf is double-peaked for no external feedback. 
The double-peaked distribution occurs because the modulation 
frequency is sufficiently high to prevent the carrier density 
relaxing to its steady-state value during a single logic bit. 
Hence different tum-on delays occur, depending on the number 
of preceding zero bits, and double peaks known as pattern 
effects are seen in the tum-on delay pdf with no external 
optical feedback present. At lower frequencies the carrier 
density reaches its steady-state value during a single logic zero 
bit, thus preventing pattern effects and giving a single-peaked 
tum-on delay pdf. Such pattern effects also depend upon the 
device parameters and particularly the carrier lifetime. For 
shorter carrier lifetimes pattern effects will occur only at 
higher modulation frequencies. The two peaks are broadened 
by external optical feedback but remain distinguishable for 
low external reflectivities. For high external reflectivities the 
tum-on delay pdf is changed into an approximately Gaussian- 
shaped pdf because the peaks are broadened so much that 
they are destroyed, but at the expense o f increased jitter. 
At low bias currents the jitter is already very large and 
hence optical feedback does not increase it significantly. 
Whether the average tum-on delay increases or decreases with 
optical feedback is dependent on whether the single-peaked
distribution that remains after the pattern effects have been 
destroyed lies nearer the faster or slower o f the two original 
peaks. The increase in jitter caused by optical feedback is 
again resultant from the large amounts o f intensity noise that 
optical feedback introduces. Therefore large amounts o f optical 
feedback can be used to prevent the pattern effects which 
may occur at some combinations o f modulation frequency and 
operating conditions.
It is useful to find out whether the tum-on delay pdf can be 
considered to be approximately Gaussian in shape. Errors in 
the transmitted data due to the tum-on delay jitter of the laser 
can occur when the tum-on delay is too long for the pulse 
to be detected by the receiver. Therefore, it is not strictly the 
shape of the tum-on delay pdf that is important. The jitter- 
induced error rate is dependent on the tails of the tum-on delay 
pdf. By approximating the tum-on delay pdf as a Gaussian 
shape with easily calculated tails, it is possible to calculate the 
system performance degradation due to jitter [5]. Calculation 
of the reflection-induced jitter performance degradation may 
be similarly performed and w ill be the subject o f future work.
The mean intensity evolution together with the intensity 
standard deviation are shown in Fig. 5(e) for bias currents 
10% and 26% above threshold. The graph shows the evolu­
tions with and without optical feedback. The mean intensity
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Fig. 5. (a) Average tum-on delay and jitter for increasing external reflectivity for the pseudorandom modulation format (/b iM =  l-2 6 /th, /m  =  2 GHz), 
(b) Tum-on delay distribution for the pseudorandom modulation format for increasing external reflectivity ( /bias =  l -2 6 / th , /m  =  2 GHz), (c) Average 
tum-on delay and jitter for increasing external reflectivity for the pseudorandom modulation format (/bias =  l . l / th , /m  =  2 GHz. (d) Tum-on delay 
distribution for the pseudorandom modulation format for increasing external reflectivity (/bias =  1 1 / th i  fm  =  2 GHz), (e) Mean intensity evolutions and 
the standard deviation of the intensity under pseudorandom modulation for no optical feedback and with optical feedback from an external reflectivity of 
R eXt =  0.01 at bias currents of 10% and 26% above threshold ( / m =  2 GHz).
evolutions show that optical feedback can increase or decrease 
the average tum-on delay. At the lower bias current o f 10% 
above threshold the intensity standard deviation is already 
very large and is not altered very much by the addition o f  
optical feedback. This agrees with the results o f  Fig. 5(c). 
For the higher bias current o f 26% above threshold the 
intensity standard deviation is small without optical feedback 
but increases when optical feedback is present. This is seen as 
an increase of the jitter in Fig. 5(a).
IV. Co n c l u sio n s
This paper has investigated the effect o f  external opti­
cal feedback on the turn-on delay characteristics o f typical 
semiconductor lasers used in digital optical communications 
systems. Chaotic behavior introduced by the external op­
tical feedback introduces additional intensity noise to that 
caused by spontaneous emission. The result is increased tum- 
on delay jitter in all o f the gain-switching, periodic and 
pseudorandom modulation formats. The jitter is increased 
dramatically by high external reflectivity. The average tum- 
on delay is increased by optical feedback during the gain- 
switching modulation format. During periodic modulation and 
the more practical pseudorandom modulation regime the effect
on the average tum-on delay is dependent on the modulation 
conditions, with the average turn-on delay either increasing 
or decreasing as the optical feedback increases. If under 
pseudorandom modulation the modulation conditions result in 
the tum-on delay pdf to be twin-peaked without feedback then 
large amounts o f external optical feedback can change the pdf 
into a single-peaked pdf. Thus optical feedback can prevent the 
pattern effect from occurring, but at the expense o f very large 
jitter. The increase in tum-on delay jitter caused by external 
optical feedback is less when the tum-on delay distribution 
is initially double-peaked since in this case a large jitter is 
already exhibited.
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The intensity noise and turn-on delay jitter of laser diodes with optical feedback from a phase-coiyugate mirror are 
investigated numerically. Low levels of phase-conjugate optical feedback cause a small intensity noise reduction 
in semiconductor lasers. The behavior of the intensity noise for increased phase-conjugate feedback is shown to 
be different than that for increased conventional-mirror feedback.
The performance of a semiconductor laser is sen­
sitive to optical feedback.1,2 Low levels of optical 
feedback can be used to narrow the laser linewidth. 
Unwanted optical feedback of sufficient strength can 
cause the laser to enter the coherence collapse regime, 
which results in dramatically increased linewidth 
and intensity noise2 and severely degrades the per­
formance of communications systems. The effect of 
optical feedback on laser diodes is dependent on the 
strength of the optical feedback and on the distance 
between the laser diode and the external mirror. 
The external cavity length determines the external 
cavity round-trip time as well as the phase of the 
reflected light relative to the light emitted from the 
laser facet. Phase-conjugate optical feedback elimi­
nates the laser’s dependence on the external cavity 
phase change because any phase shift owing to the 
outward journey is canceled by the phase shift owing 
to the return path length. The feedback is, however, 
still delayed by the external cavity round-trip delay. 
Therefore there are significant differences between 
the behavior of laser diodes with optical feedback 
from conventional versus phase-conjugate mirrors.3-6 
Phase-conjugate feedback was used to narrow the 
linewidth of a semiconductor laser.6,7 The intensity 
noise was also reduced in a gas laser by the use of 
external phase-conjugate optical feedback.8
The laser model used in this investigation is appro­
priate to a distributed-feedback laser with external 
phase-conjugate optical feedback.3-6 The model is 
based on the single-mode rate equations, with ad­
ditional terms for the phase-conjugate optical feed­
back,
—  -  G|S(«)I2, (1)df e(V) re
^ E ( t )  =  i(a>0 ~ ft) + |  ( g  -  ~ )(1 -  ia)E(t)
+ KE*(t -  r)exp(i<I>pcM) • (2)
In the rate equations, N(t) is the carrier density, 
E(t) is the optical field, 7(f) is the injection current, e 
is the electronic charge, V  is the active region volume, 
re is the carrier lifetime, |7?(£)|2 represents the photon 
density, <u0 is the optical frequency with feedback, Cl
0146-9592/93/171432-03$6.00/0
is the optical frequency without feedback, tp is the 
photon lifetime, and a  is the linewidth enhancement 
factor. The optical gain G is assumed to be of the 
form
G = GN[N(t) -  N 0] [1 -  e\E(t)\2] , (3)
where GN is the gain slope and e is the saturation 
parameter.
In the optical feedback terms, E*(t -  t ) is the re­
flected phase-conjugate optical field, r  is the external 
cavity round-trip delay, 4>pcm is an arbitrary constant 
phase change introduced by the phase-conjugate 
mirror, and k  is the feedback, given by
( i - 7 ? )  ( r ^ Y 2 m
" "* rT- v.-®- j ’ (4)
In Eq. (4), rj is the laser-to-extemal-cavity coupling 
efficiency, R  is the laser facet reflectivity, tl  is the 
laser internal round-trip delay, and 7?ert is the phase- 
conjugate mirror reflectivity.
The difference between modeling optical feedback 
from conventional versus phase-conjugate mirrors 
lies in the optical feedback terms of Eq. (2). For 
phase-conjugate optical feedback, there is no external 
cavity phase shift cj0t  in the optical feedback 
term. The phase-conjugate mirror is assumed to 
introduce no frequency change during the reflec­
tion process. The phase-conjugate mirror is also 
assumed to have an instantaneous response time. If 
the response time of the phase-conjugate mirror is 
not instantaneous, then the feedback rate becomes 
time dependent. The rate equations are solved 
numerically, with Langevin noise terms included to 
model spontaneous emission noise.
Low-to-moderate levels of optical feedback are 
considered in this investigation (i.e., Rat < 1%). 
This encompasses regimes I-IV  of conventional- 
mirror feedback,2 including the chaotic coherence 
collapse state.
First, constant-current simulations are consid­
ered for optical feedback from both conventional 
and phase-conjugate mirrors. The relative intensity 
noise is calculated for increasing external reflectivity 
for various bias currents, as shown in Fig. 1. The
© 1993 Optical Society of America
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Fig. 1. Relative intensity noise (RIN) for both conven­
tional-mirror and phase-conjugate-mirror (PCM) optical 
feedback versus increasing external reflectivity (r =  2 ns).
external cavity round-trip delay r is 2 ns. It can  
be seen  that optical feedback from a conventional 
mirror increases the in tensity  noise as the external 
reflectivity increases.2 The sudden increase in the  
in ten sity  noise corresponds to the laser entering  
the coherence collapse feedback regime. In contrast, 
in  the case o f optical feedback from a phase- 
conjugate mirror, the increase in intensity noise 
is  much more gradual. Lower levels of phase- 
conjugate feedback are required to increase the  
in tensity  noise above that o f the solitary laser than  
the levels required for conventional-mirror feedback. 
At low external reflectivity, the intensity noise 
w ith phase-conjugate optical feedback is larger than  
th at caused by conventional-mirror feedback of the  
sam e strength. The situation is  reversed at higher  
external reflectivity, in which case the intensity noise 
is greatest for conventional-mirror optical feedback. 
T hese results show that the laser becomes unstable 
and develops output power fluctuations at lower 
external reflectivity than occurs w ith conventional- 
mirror optical feedback.9 A t high levels o f feedback, 
the laser output is chaotic, ju st as for conventional- 
mirror feedback, but the transition to chaos is at 
higher levels of phase-conjugate feedback them it  
is  for conventional-mirror feedback. The difference 
in  the laser intensity noise induced by the two 
types of optical feedback can be attributed to the  
round-trip phase-canceling property of the phase- 
conjugate mirror. The phase difference betw een the  
reflected and em itted light plays an im portant part 
in  the determ ination o f the intensity-noise properties 
of an external cavity laser. In the case of optical 
feedback from a conventional mirror, the round-trip 
phase change (o0t that is due to the external cavity  
path length is  unlikely to be a m ultiple of rad. 
Therefore the reflected light is  not in phase w ith  
the em itted light. A phase-conjugate mirror ensures 
th at there is no phase change owing to the external 
cavity path length. Therefore the reflected light is 
in phase w ith the em itted light, and hence a different 
in tensity-noise behavior results for the two types of 
optical feedback.
The output power probability distribution functions 
(PDF’s), as shown in Fig. 2, give a clearer indication  
of the effect of lower levels o f optical feedback from a 
phase-conjugate mirror on the intensity-noise prop­
erties of the laser. The laser is operated a t twice 
the threshold current and w ith an external reflec­
tivity of 2 X  10-6. The output power PDF for the 
solitary laser corresponds to a relative intensity-noise  
value of - 3 0 .4  dB. The output power PDF w ith  
phase-conjugate optical feedback is narrower than  
that of the solitary laser, corresponding to a relative  
intensity-noise value of —31.7 dB, which is a  sm all 
decrease in intensity noise. Hence phase-conjugate 
optical feedback has narrowed the output power PDF  
by reducing the intensity  noise in  the laser output. 
Further investigations show that the noise-reduction  
properties of the phase-conjugate optical feedback are 
independent o f the external cavity round-trip delay. 
A lower level of in tensity  noise w ill result in  a lower 
level o f tum -on delay jitter, hence improving the  
error-rate performance o f an optical communications 
system .
Figure 2 shows that it  is  possible for phase- 
conjugate feedback to cause a sm all decrease in  




Fig. 2. Output power PDF’s with and without phase- 
conjugate optical feedback ( / / / *  =  2.0, Rext =  2 X  10-6, 







Fig. 3. Reduction of RIN owing to phase-conjugate opti­
cal feedback ( / / / th  =  2 .0 , r =  2 ns).
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Figure 3 shows the noise-reduction dependence on 
the level of phase-conjugate optical feedback. The 
intensity noise is reduced for a phase-conjugate 
reflectivity between 10~9 and 10-6. For greater 
values of external reflectivity the intensity noise is 
increased. It was found that the phase-conjugate 
optical feedback can significantly reduce the low- 
frequency intensity noise10 (as much as a few hundred 
megahertz). There is little reduction of the higher- 
frequency intensity noise. Since most intensity 
noise will be of frequencies around the relaxation 
oscillation frequency and above, the overall intensity- 
noise reduction will be small, as shown in this Letter.
In summary, the effect of optical feedback from 
a phase-conjugate mirror into a single-mode semi­
conductor laser has been studied with respect to 
the laser intensity-noise properties. The intensity- 
noise behavior of a laser diode with phase-conjugate 
optical feedback is quite different from that with 
conventional-mirror optical feedback. Phase-conju­
gate feedback of the appropriate level can be used 
to decrease the levels of intensity noise in the laser 
output power. The decrease in intensity noise owing 
to phase-conj ugate optical feedback is attributed to 
the lack of an external round-trip phase change.
This study was undertaken in a UK Science 
and Engineering Research Council, Cooperative 
Awards in Science and Engineering project supported 
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Intensity noise and linewidth characteristics of 
laser diodes with phase conjugate optical feedback
L.N. Langley 
K.A. Shore
Indexing terms: Intensity noise, Laser diodes. Phase conjugate optical feedback
Abstract: The intensity noise and linewidth char­
acteristics of semiconductor lasers with phase con­
jugate optical feedback are investigated 
numerically. The results are compared to those 
from conventional mirror optical feedback. The 
dynamics of semiconductor lasers with phase con­
jugate optical feedback are also considered. The 
relevance to phase conjugate optical feedback of 
the feedback regimes used to describe conven­
tional mirror optical feedback is discussed.
1 Introduction
The use of phase conjugate feedback with semiconductor 
lasers has attracted attention recently [1-14]. Recent 
work has investigated the noise and dynamic properties 
of semiconductor lasers with phase conjugate feedback 
[1-4], showing that the laser properties are different to 
those with conventional mirror optical feedback. The 
intensity noise in a gas laser has been significantly 
reduced using phase conjugate feedback [5]. In semicon­
ductor lasers phase conjugate feedback has been used to 
narrow the laser linewidth [6, 7]. Phase conjugate 
mirrors (PCM) have also attracted attention as a means 
of coupling together the individual laser elements in laser 
arrays [8].
Conventional mirror feedback even at very low levels 
can significantly affect the performance of semiconductor 
lasers [15-20]. Dramatic changes in the noise character­
istics of semiconductor lasers occur under the influence of 
optical feedback. Unwanted optical feedback, such as 
may occur from components in optical communications 
systems, can increase the intensity noise [15, 16], 
resulting in higher error rates [15]. Five distinct regimes, 
denoted I-V, of the operating characteristics of semicon­
ductor lasers with optical feedback have been identified 
and investigated [17, 18]. Factors influencing the laser 
with optical feedback are the external cavity round trip 
delay, the external reflectivity, and the external cavity 
round trip phase change. In feedback regime I, for very 
low feedback levels, the linewidth is increased or 
decreased depending on the phase of the light returned 
into the laser compared to that leaving the laser. In feed­
back regime II, multiple external cavity modes exist and 
the laser locks to the mode with the lowest linewidth.
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However, if several modes exist with similar linewidth 
mode hopping can cause the overall iinewidth to be 
larger than that of the solitary laser. In regime III, the 
linewidth is significantly reduced with the reduction 
being independent of the phase of the reflected light. 
Regime IV is the so-called ‘coherence collapse’ state in 
which intensity noise and linewidth are significantly 
increased [17-19]. In this regime the laser output 
behaves chaotically. Regime V corresponds to stable 
operation at very high feedback levels but will not be 
considered in this work.
Phase conjugate mirrors used to provide optical feed­
back into semiconductor lasers have been implemented 
in two ways. The first of these is to use a nonlinear 
crystal [6,9-12] to generate the reflected phase conjugate 
beam. The second is to perform four wave mixing (FWM) 
within another semiconductor optical amplifier [7]. 
Degenerate four wave mixing (DFWM) produces a reflec­
tion of the same frequency as the incident beam, whilst 
nondegenerate four wave mixing (NDFWM) produces a 
reflection of a slightly different frequency from the incid­
ent beam. Only DFWM phase conjugate feedback is con­
sidered in this work.
A phase conjugate mirror has the property of 
reversing the phase of the reflected light with respect to 
the incident light. This has the result that there is zero 
external cavity round trip phase change when a phase 
conjugate mirror is used to provide optical feedback into 
a laser [1], Thus, it is to be expected that a semicon­
ductor laser with phase conjugate feedback will behave 
differently to that with conventional mirror feedback. 
This paper investigates the effect of phase conjugate feed­
back on the semiconductor laser.
2 Numerical model of phase conjugate optical 
feedback
In this investigation, ideal phase conjugate feedback is 
considered in which the phase conjugate mirror has zero 
response time and introduces no frequency change in the 
reflected light. The system of a semiconductor laser with 
phase conjugate feedback is shown in Fig. 1. Using this 
idealised phase conjugate mirror, the carrier and electric 
field rate equations for a single mode semiconductor laser 
with phase conjugate optical feedback are [1, 2]
This work was undertaken in a UK SERC CASE 
project supported by Northern Telecom, Paign­
ton, Devon, UK. The authors thank Dr. A. 
Janssen of Northern Telecom for discussions.
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j t E(t) =  i(co0 -  Q) + -  ^ ( 1  -  ict)E(t)
+  KE*(t -  t )  exp {jOpcm}
( 1)
(2)
*io0r /2  <p.uj0r i  2 
.oo0r/2  -<p-uj0r i2
PCM




^  m irror
/
F ig , 1 Comparison o f  external cavity phase changes for phase conjug­
ate and conventional mirror feedback
In the rate equations, n(t) is the carrier density, I is the 
injection current and E(t) is the electric field strength. The 
reflected phase conjugate electric field is E*(t — t), where 
t  is the external cavity round trip delay. The terms co0 
and Q are the laser frequency with and without optical 
feedback. An arbitrary phase change within the phase 
conjugate mirror, OpcM, may be included, but is given the 
value zero in this work. The optical gain G is assumed to 
be of the form
G =  G M t) ~  n0)
1
(3)(1 +£|£(()l2)
The feedback rate, k ,  is given by
where Rpqm is the phase conjugate mirror reflectivity. 
Other laser parameters used in the rate equations are 
listed with their values in Table 1.
(4)
T a b le  1 : L ase r p a r a m e te r s
Symbol Description Value
V active region volum e 1.5 x 10"18 m3
e electronic charge 1.6022 x 1 0 - 19 As
carrier lifetime 2 ns
" o operating frequency s  1.55 //m
photon lifetime 2 ps
a linewidth broadening 
factor
5.5
G„ gain slope 2 .125 x l 0 - 12m3 s - 1
n o transparency carrier 4 x 1 0 23 m -3
density
3 x 1 0 -23 m3e saturation parameter
n laser to fibre coupling  
efficiency
0.4
R laser facet reflectivity 0.309
laser cavity round 
trip time
9 ps
y spontaneous emission 
factor
1 0 - 5
Hth threshold carrier 
density
9.9 x i o 23 m - 3
T external cavity round 
trip delay
2 ns
For ease of numerical solution, and to provide infor­
mation on the photon density, the electric field rate equa­
tion is transformed into two rate equations for photon
density and electric field phase [15, 16, 21]
^  = ^ _ ±  + Gs + 2*>/(s)>/[s(t -  t)] cos [0(f)] (5)
d t  Xe T_
*  = 2 G > - " ' ‘, r - K J(s) <«)
For phase conjugate optical feedback generated using 
DFWM, 0(t) takes the form
0(t) =  ^ r )  +  0 ( f - T )  +  <DpCM (7)
If NDFWM is used to generate the phase conjugate 
reflection 0(f) has an additional term containing the 
detuning Am, between the pump and signal beams [3]. 
Eqn. 7 should be contrasted with that for conventional 
mirror optical feedback,
0(f) =  (o0 x +  # )  -  <p(t -  x) + <Dexl (8)
where <I>ext is an arbitrary phase change at the mirror. 
The arbitrary phase change is again chosen to be zero. 
The external mirror reflectivity Rext should replace RpcM 
when considering conventional mirror feedback.
The significant difference between the two types of 
feedback is the term (o0x in eqn. 8. This is the external 
cavity round trip phase change. Fig. 1 shows why <o0x 
does not appear in the model for phase conjugate feed­
back [1, 2]. The nature of the phase conjugate mirror is 
to reverse the phase of the incident light as it is reflected. 
Hence, any phase shift acquired by the light due to the 
outward path length is exactly cancelled by the phase 
shift acquired during the return path length. Therefore, 
the laser’s dependence on the external cavity round trip 
phase change is eliminated. The phase conjugate feed­
back is, however, still retarded by the external cavity 
round trip delay.
Langevin noise sources are added to eqns. 1, 5 and 6 







Here, s(fj) and n{tt) are the photon density and carrier 
density, respectively, within the interval t and t +  At. y is 
the spontaneous emission factor which determines the 
level of spontaneous emission. The symbols x„, x ,, x# are 
Gaussian distributed random variables with zero mean 
and unity variance.
The rate equations with phase conjugate feedback and 
Langevin noise terms are solved numerically using a 
variable-step, variable-order Runge-Kutta algorithm. 
Interest is restricted to the static properties of the system 
where the injection current is held constant. To evaluate 
the reflection terms in the rate equations, values of 
photon density and electric field phase calculated at an 
earlier solution step are required. Thus, at each solution 
step, the values of photon density and electric field phase 
are recorded for use at a later solution step. The number 
of solution steps between the recording and the use of 
these values is equivalent to the external cavity round 
trip delay. Langevin noise is modelled by applying 
random noise forces as calculated in eqns. 9, 10 and 11. 
The Gaussian distributed random variables xn, x, and x^
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are calculated at the start of, and are held constant 
throughout, each Langevin noise application interval, Ar. 
The interval At is chosen to be 10 ps. This results in a 
power spectral density for the noise which has its first 
zero at a frequency of 100 GHz (1/At). The noise forces 
should describe a white noise spectrum at least up to the 
relaxation oscillation frequency [22]. The influence of At 
on the power spectral density of the noise is discussed in 
Appendix A of Reference 20. The 3 dB frequency is found 
to be approximately 40 GHz, which is many times the 
maximum relaxation oscillation frequency encountered in 
the following investigations. Hence, the condition that 
the noise spectrum is white up to a frequency greater 
than the relaxation oscillation frequency is satisfied.
3 Intensity noise properties
First, noise properties of laser diodes in the case of con­
stant injection current are considered for optical feedback 
from both conventional and phase conjugate mirrors. 
The noise properties are characterised by relative intens­
ity noise (RIN), and is calculated from the expression
RIN = Po(t)2 ~  P 0(t)2 
P 0(t)2
(12)
where p0(t) are the output power samples. Fig. 2 shows 
the behaviour of the RIN for various injection currents as
0 - 1
- 10 -
I / I th=2.0- 3 0 -
external reflectivity
Fig . 2  Relative intensity noise (RIN)  fo r  increasing levels o f conven­
tional mirror and phase conjugate feedback, at several injection currents 
•  mirror feedback 
▼ PCM feedback
the external reflectivity is increased. It can be seen that 
optical feedback from a conventional mirror increases the 
intensity noise as the external reflectivity increases [15- 
20]. The sudden increase in the intensity noise corres­
ponds to the laser entering the coherence collapse 
feedback regime. In contrast, with optical feedback from 
a phase conjugate mirror the increase in intensity noise is 
much more gradual. Lower levels of phase conjugate 
feedback are required to increase the intensity noise 
above that of the solitary laser than is required for con­
ventional mirror feedback. At low external reflectivity, 
the intensity noise with phase conjugate feedback is 
larger than that caused by conventional mirror feedback 
of the same strength. The situation is reversed at higher 
external reflectivity where the intensity noise is greatest 
for conventional mirror feedback. In the transition to 
coherence collapse, the increase in the RIN occurs at all
frequencies to some extent, but particularly at the relax­
ation oscillation frequency of the solitary laser and at 
multiples of the inverse external cavity round trip delay. 
These results show that the laser becomes unstable and 
develops output power fluctuations (i.e. intensity noise) at 
lower external reflectivity for phase conjugate feedback 
than occurs with conventional mirror feedback [13].
The output power waveforms at four different levels of 
external reflectivity are shown in Fig. 3 for phase conjug­






Fig. 3  Comparison o f  optical output power fluctuations fo r  several 
levels o f  phase conjugate and conventional mirror feedback 
I  — 2/„ power levels are displaced for clarity
noise sources have been disabled to obtain a clearer 
picture of the effects of optical feedback. The results agree 
with the observations from Fig. 2 that output power fluc­
tuations occur at lower levels of external reflectivity with 
phase conjugate than for conventional mirror feedback. 
At low external reflectivity (10“5 and 10-4) the phase 
conjugate feedback causes a single frequency oscillation 
in the output power. The frequency of the oscillation is 
twice the relaxation oscillation frequency of the solitary 
laser. At the same low levels of external reflectivity for 
conventional mirror feedback, the output power wave­
form is stable. At high external reflectivity (10-2), the 
waveforms with both types of optical feedback appear to 
be chaotic. However, the output power waveform at 
moderate reflectivity (10”3) for conventional mirror feed­
back appears to be almost chaotic, whilst that for phase 
conjugate feedback still has a regular period. Hence, the 
transition to a chaotic output occurs at higher levels of 
external reflectivity for phase conjugate feedback.
The output power fluctuation frequency spectra 
corresponding to Fig. 3 are shown in Figs. 4 and 5 for 
phase conjugate and conventional mirror feedback, 
respectively. These graphs are the intensity noise spectra 
due to optical feedback only, plotted on a linear vertical 
axis. At low feedback levels (10"5 and 10 ~4) phase 
conjugate feedback results in a single frequency oscil­
lation that is twice the relaxation oscillation frequency. 
No output power fluctuation frequency spectra are 
shown for conventional mirror feedback at low external 
reflectivities (10“5 and 10~4) because the laser output is 
stable. At moderate external reflectivity (10"3) it is seen 
that phase conjugate feedback causes only a few fre­
quency components at integer multiples of the relaxation 
oscillation frequency. Conventional mirror feedback of 
the same strength causes many frequencies to be present
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in the output power fluctuations, with spacing corre­
sponding to the inverse o f  the external cavity round trip 
delay. Large numbers o f frequency com ponents indicate
2 -
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Fig . 4  Optical output power fluctuation frequency components fo r  
several levels o f  phase conjugate feedback I  =  21,k
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Fig . 5 Optical output power fluctuation frequency components for  
several levels o f  conventional mirror feedback I  =  21,h
that the laser is tending towards chaotic behaviour. For 
high levels o f external reflectivity (10“ 2), both types of 
feedback cause chaotic fluctuations, as seen from the very 
large number of frequency com ponents present in the 
output power fluctuations. At this high reflectivity, both  
types o f feedback cause the laser to operate in feedback 
regime IV (i.e. coherence collapse). The output power 
fluctuation frequency spectra confirm that phase conju­
gate optical feedback causes output power fluctuations at
lower levels o f  external reflectivity than conventional 
mirror feedback; and that the transition to chaotic  
output power fluctuations is at a higher external reflec­
tivity for phase conjugate than for conventional mirror 
feedback.
Fig. 6 show s the levels o f  RIN at different frequencies, 
for a phase conjugate reflectivity o f  10 6. This graph is
- 1 2 0 — r
-130—




Fig. 6  Variation o f  relative intensity noise (RIN)  with frequency fo r  
solitary laser and fo r  phase conjugate optical feedback I  =  21,h, R t „ =  
10"6
  R.« = °
R... =  10 '*
similar to that o f  Figs. 4 and 5, but with spontaneous 
em ission noise included and plotted on a logarithm ic ver­
tical axis. At low  levels o f phase conjugate feedback, the 
intensity noise can be reduced [4, 14]. The reduction is a 
very small one, only becom ing significant at very low  fre­
quencies o f  a few hundred M H z [13]. The intensity noise  
reduction is m uch less than that which has been achieved  
with phase conjugate feedback into a gas laser [5 ] , and is 
not large enough to be o f practical use.
The phase difference between the reflected and em itted  
light plays an im portant part in determ ining the intensity  
noise properties o f an external cavity laser. W ith optical 
feedback from a conventional mirror the round trip 
phase change, co0 z, due to the external cavity path length  
is very unlikely to be a multiple o f 27i radians. Therefore, 
the reflected light is not in phase with the emitted light. A 
phase conjugate mirror ensures that there is zero phase 
change due to the external cavity path length. The re­
flected light is thus in phase with the emitted light, and 
hence a different intensity noise behaviour results for the 
two types o f  optical feedback. The difference in the inten­
sity noise behaviour o f a sem iconductor laser induced by 
phase conjugate and conventional mirror feedback can 
be attributed to  the round trip phase cancelling property 
of the phase conjugate mirror.
4 Linewidth behaviour and optical feedback 
regim es
The linewidth Av o f a sem iconductor laser can be deter­
mined from the two-sided spectral density o f the fre­
quency fluctuations
Av-f* 2 n (13)
This relation is defined for a white frequency noise spec­
trum. O ptical feedback causes the frequency noise spec­
trum to be very unlike a white noise spectrum, as seen in
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Fig. 7. However, eqn. 13 holds for a nonwhite frequency 
noise spectrum if is replaced by S0( / -* 0) [20].
The behaviour o f the linewidth as the external reflec­
tivity is increased is shown in Fig. 8. The graph shows
0.0x10
frequency, GHz
Fig. 7 Two-sided spectral density o f frequency fluctuations (I =






Fig. 8 Linewidth for phase conjugate and conventional mirror optical 
feedback I =  3.5/,*
Roman numerals indicate conventional mirror optical feedback regimes, solid 
arrow indicates solitary laser linewidth 
—• — mirror FB (an =  0)
- - mirror FB (tor =  n/2)
- - PCM FB
linewidth for increasing levels of phase conjugate feed­
back. The linewidth for increasing levels o f conventional 
mirror feedback with tw o different external cavity round 
trip phase changes oj0 x is also shown. It can be seen that 
there is a very different behaviour between the two types 
of optical feedback. The feedback regimes I-IV  [17, 18] 
are shown for conventional mirror feedback. At low  
levels o f mirror feedback, regimes I and II, the linewidth 
is increased or decreased depending on the phase of the 
reflected light. At higher levels o f conventional mirror 
feedback, regime III, the linewidth is reduced and is inde­
pendent o f the phase o f the reflected light. For very high 
levels of external reflectivity the laser enters regime IV, 
and the linewidth is dramatically increased. Since there is 
zero round trip phase change with phase conjugate feed­
back, it is anticipated that feedback regimes I and II do
not exist. Fig. 8 confirms this. Q uite large levels of phase 
conjugate feedback are required before the linewidth is 
altered from that o f the solitary laser. The reduced line­
width regime III can be obtained with phase conjugate 
feedback but occurs at higher levels o f external reflec­
tivity than for conventional mirror feedback. A transition  
to regime IV, coherence collapse, is found for phase co n ­
jugate feedback as for conventional mirror feedback.
Phase conjugate feedback has a different effect on the 
linewidth behaviour of sem iconductor lasers to that o f 
conventional mirror feedback as the level of external 
reflectivity is increased. The feedback regimes I and II do  
not exist for phase conjugate optical feedback. Feedback  
regime III has a smaller range for phase conjugate than  
for conventional mirror feedback. Feedback regime IV is 
unchanged between the two types o f optical feedback.
5 Conclusions
The intensity noise and linewidth characteristics o f  a 
sem iconductor laser with phase conjugate feedback have 
been investigated. The results show that different intens­
ity noise behaviour occurs with the two types o f optical 
feedback as the external reflectivity is increased. O utput 
power fluctuations occur at lower levels of phase conjug­
ate external reflectivity than for conventional mirror feed­
back. However, the transition to the chaotic coherence 
collapse laser output state occurs at a higher level of 
external reflectivity for phase conjugate than for conven­
tional mirror feedback. Low levels o f phase conjugate  
feedback have the effect o f reducing low frequency intens­
ity noise, up to a few hundred Megahertz.
The behaviour o f the linewidth with increasing exter­
nal reflectivity is also qualitatively different for the two 
types o f optical feedback. Higher levels of external reflec­
tivity are required to decrease the linewidth with phase 
conjugate feedback than for conventional mirror feed­
back. The feedback regimes III and IV can be used to 
describe phase conjugate feedback effects in sem icon­
ductor lasers but regimes I and II cannot be used as they 
have a dependence on an external cavity phase change, 
which is elim inated by phase conjugate feedback. Phase 
conjugate mirrors fabricated from sem iconductor optical 
amplifiers are quite capable o f  generating a very large 
external reflectivity. The behaviour o f sem iconductor  
lasers with high levels o f  phase conjugate feedback will be 
analogous to feedback regime V for conventional mirror 
feedback. Further work on the properties o f sem icon­
ductor lasers with very high levels o f phase conjugate  
feedback needs to be performed.
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